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EXECUTIVE SUMMARY

This report documents the work performed and the results of the joint industry
project, "Testing and Fvaluation of Damaged Jacket Braces". The project was
funded by nine industry participants and conducted by PMB Engineering with
testing performed by Texas A&M University.

The purpose of the project was to determine the reduction in load carrying
capacity that occurs to tubular members because of in-service damage. This
was carried out by testing twenty salvaged braces and comparing the resulting
ultimate and residual capacities to the values calculated using finite element
beam column models of the damaged braces.

The first task of testing the braces was performed at Texas A&M. The braces
were examined for damage, catalogued, equipped with strain gages and mounted
in the test frame. Then they were loaded with increasing axial Toad until
failure occurred. Failure was generally located in areas of obvious damage.
Results of the tests were then compiled and compared against the response
which was calculated by PMB.

PMB performed the second of the two primary tasks, that is the formulation of
an analysis method and computer modeling technique to predict the response of
the individual braces to axial load. This task resulted in two PC programs.
The first was a simple prediction method for peak load in a damaged member.
The other was a program to determine damaged member characteristics for use in
generating a finite element beam column model. The FEA model was then used to
predict the full response of the member including peak load and the nonlinear
response or residual capacity of the member.

The results of the test program and the analysis predictions were compared.
In general the predictions exceeded the actual capacities by an average of
around 20%. Variations ranged from under predictions of 25% to over predic-
tions of as much as 76%. Agreement is not as good as that shown by other
investigations. This may be due to the use of new or artificially damaged
samples in other programs.



The response of members with multiple forms of damage were generally dominated
by one damage state. VYielding in areas of reduced wall thickness was a common
failure mode in members with significant corrosion. This usually occurred at
levels less than would be predicted by the beam column method.

The project has provided valuable information on the response of damaged tubu-
lar braces and the ability to predict damage dominated responses. Addition-
ally, it has shown that further work is justified in more completely
understanding this problem area or in developing remedial actions to account
for the limitations of the present understanding.



1.0 INTRODUCTION

This report documents the results of a joint industry study to test and evalu-
ate damaged jacket braces. The work was performed by PMB Engineering Inc.
with the testing portion of the project subcontracted to Texas A & M
University. Funding for the project was from a joint industry effort with
nine participants.

1.1 Objective

The objective of the study was to observe the buckling and post buckling
behavior of full scale, damaged jacket braces and to compare this with analyt-
ical predictions. This was achieved by the use of festing to determine the
ultimate capacity of tubular members which had been subjected to different
types of in-service damage. The study addressed corroded and damaged member
capacities by testing members that had been removed from the participants’
salvaged platforms. Thus, the test specimens were full scale and exhibited
characteristics of members that have been in service for varying periods of
time. The results obtained from the testing program were therefore repre-
sentative of components that are currently in service.

The test results contributed to an improved understanding of the loss of
strength due to corrosion and damage in two ways:

The observed capacity of the tested members gave information about
the strength that could be expected from similar, in situ, members.

The comparison of test data to analytical procedures that were

developed for the project and to the Denta IT program provide a
basis for future analytical evaluation of in-service members.

1-1



1.2 Background

A major source of uncertainty in the computed reliability of offshore struc-
tures is the extent to which the structure’s strength degrades with time in
service. This uncertainty not only affects the design of new structures, but
also is a key factor in determining if an existing facility will survive its
design life, whether damaged members must be fully restored to their original
strength and whether a salvaged structure can safely be reused at a new site.
Thus, in addition to being a significant safety issue, the matter can have
major economic consequences for the offshore industry.

Visual inspection (for dents and corrosion holes) and ultrasonic measurements
(to quantify losses due to corrosion and indicate météria] cracks) are two
methods for determining the physical deterioration of a structure. Even after
these observations have been made, though, there is Tittle historical evidence
to indicate how much this deterioration reduces the structure’s strength. In
the past, some information has been obtained from the results of tests on
small-scale, artificially damaged members. It has been difficult, however, to
extrapolate these scale model results to the full scale components. Few com-
parisons of small scale to full scale test data are available in the litera-
ture.

In one full scale study (1) two dented specimens were tested in compression.
The specimens had diameters of 40 and 60 inches and were approximately 80 to
90 inches long. They were new, non-corroded specimens which had been artifi-
cially dented. The damaged members exhibited very 1ittle loss of strength due
to denting, but this was largely attributed to the test’s fixed end conditions
and the relative shortness of the members. These tests did not include any
corrosion effects. The results were not very helpful for predicting the
behavior of more slender members.

The study which most closely approximated this study involved the testing of
four members which had been salvaged from a structure after 12 years of ser-
vice in the North Sea (2). These specimens were approximately 25 feet long
and had diameters of 12 and 16 inches. They were "in good condition as
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regards to straightness, circularity, thickness, and freedom from corrosion
and denting." One of the specimens was artificially bent before axial testing
and another was artificially dented. The results obtained were in good agree-
ment with the results of: a) prior tests of virgin full scale specimens, b)
small-scale tests of virgin and damaged specimens and c¢) strength prediction
curves in the API and DNV design recommendations. Although these limited
results seemed to suggest that present models may be adequate for some bent or
dented members with 1ittle or no corrosion, they gave no information on the
magnitude of corrosion effects, or on the interaction of corrosion effects
with denting or bending effects. In addition, artificially induced damage may
not adequately represent damage that occurs in service.
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gnnn 1.3 Participants and Representatives
N . P

This project was funded by nine companies representing oil & gas operators,
contractors, and regulators. Each of these organizations has been represented
by very capable and consciencious individuals. Their input to the project is
greatly appreciated.

The following is the 1ist of participants and their representatives;

CHEVRON USA EXXON PRODUCTION RESEARCH
Mr. Bill Krieger Dr. Jim Loh

c/o Chevron Corp. 2 Greenway Plaza

Bishop Ranch 6, Bldg. K., Rm. Suite 800

1082 Houston, Tx 77027

2400 Camino Ramon 713-940-4608

San Ramon, CA 94583
415-842-8135

MARATHON OIL COMPANY MINERALS MANAGEMENT SERVICE
Mr. Jim Saunders Mr. Charles Smith

P.0. Box 3128 318 Elden St., M.S. 647
Houston, Tx 77253 Herndon, Va 22070-4817
713-629-6600 703-787-1559

MOBIL OIL E & P NIPPON STEEL CORPORATION
Dr. Damodarin Nair Mr. T. Tabira

c/o Mobil Research & Develop- Planning & Design Dept.
ment Marine Engineering Divsion
13777 Midway Rd. 2-6-3 Otemachi, Chiyoda-Ku
Dallas, Texas 75244 Tokyo 100 Japan
214-851-8308 81-3-275-6244
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0XY USA

Mr. Win Thornton

1980 Post Oak Blvd
Houston, TX 77227-2189
713-840-7100

SHELL OIL COMPANY

Mr. Kris Digre

200 North Dairy Ashford
Houston, TX 77079
713-870-4104

TEXAS A&M UNIVERSITY

Dr. Terry Kohutek

Civil Engineering Dept
CE/TTI Building, Rm 705J

College Station, TX 77843-3136

409-845-1967

PHILLIPS PETROLEUM

Mr. Roger Thomas

1390 Plaza Office Bldg.
Bartiesville, OK 74004
918-661-5875

PMB ENGINEERING INC
Mr. David A. Stewart

24 Greenway Plaza, Suite 1303

Houston, TX 77046
713-529-1500
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2.0 SCOPE OF WORK

The two primary tasks of the project were the testing to failure of damaged
tubular braces by application of axial Joad and the independent calculation of
the ultimate capacity of each of the damaged braces. Comparisons of the
results were performed to indicate how well the calculated capacity and test
data correlated.

Twenty-one tubular bracing members were selected and removed from the partici-
pants’ salvaged jacket structures for use in the test program. The specimens
were selected by PMB or the partipant’s representative once the jackets had
arrived at their réspective onshore sites. Members were selected in order to
have a sampling of damage including holes, dents and corrosion. Where possi-
ble, varying lengths and diameters were chosen to get samples of various L/r
and D/t values. After selection, the members were transported to the
Structural Testing Laboratory of Texas A & M University.
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2.1 Testing

In the laboratory, visual and ultrasonic inspection methods were used to quan-
tify the types and the extent of apparent damage in each member. After this
inspection was completed, each member was loaded to failure in compression in
a 1.8 million pound load frame designed and fabricated for the project. The
stroke of the loading device was approximately two feet, so displacements that
caused a 5% shortening of the members could be applied. This allowed accurate
observation of the post-buckling residual strength of each member, as well as
the maximum load to which the component could be subjected.

The components used in this study were tested as closely as possible to an “as
is" condition. The only significant preparation (détai]ed in Section 3.0)
included: readying the ends for attachment in the load fixture, cleaning some
surfaces for the application of strain gauges and removing welded attachments
by flame cutting. Twenty members were tested and included the following:

1. Seven members which exhibited some corrosion but no dents, holes or
out-of-straightness, and

9. Thirteen members which exhibited varying degrees of denting, corro-
sion, corrosion holes and out-of-straightness.

No members were larger than 20 inches in diameter with a 0.5 inch effective
wall thickness. The smallest member was 10.75 inch diameter with 0.264 inch
effective wall thickness. The L/r varied from 35.5 to 108.5 and D/t from 30.2
to 66.7.
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2.2 Analysis

An analytical model of each member was developed and analyzed to predict the
compression behavior in the buckling stages. Various modeling approaches
based on phenomenological models were employed. The buckling load, residual
load, and slope of the unloading curve were determined for comparison with the
test results. The intent was to determine the differences that exist between
the damage-influenced prediction and the test results.

To facilitate the modelling and prediction capabilities of the project, two PC
Fortran 77 programs were written. The first, DAMAGE, was a formulation of
previous work on the ultimate capacity of damaged members. It gives an esti-
mate of the peak capacity of a member with specific'properties and damage.

The other, EQUIV, was written to calculate the material characteristics for
both the damaged and undamaged sections of the members for the subsequent
computer model.

The properties calculated by EQUIV were input to the FEA beam column model of
the individual braces. Axial loads were incrementally applied and the
response of the member was determined. The response calculations were carried
out as far as practical on the unloading curve to obtain the residual load
capacity of each brace.

Additionally, Shell 0i1 Company provided the project with similar results from
their DENTA II analysis of the twenty damaged braces. Following these inde-
pendent analyses, the two sets of beam column results were compared against
those obtained from the testing program. The two analysis approaches showed
reasonable agreement to each other for all of the cases. The test results
varied widely from those of the predicted results.
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3.0 EXPERIMENTAL TEST PROGRAM

3.1 Introduction‘

The experimental program'was conducted to evaluate the ultimate and post-
ultimate behavior of twenty damaged tubular braces. The data obtained from
this phase of the project were used to verify the analytical models described
in Chapter 4. This phase of the project consisted of eight major tasks.

These tasks were: 1) specimen collection, 2) specimen inspection and damage
documentation, 3) specimen instrumentation, 4) full scale compression testing,
5) ultrasonic testing to determine wall thickness, 6) tensile coupon testing
to determine material properties, 7) ring testing to determine effective wall
thickness, and 8) data reduction and evaluation. Each of these tasks is
described in greater detail in the subsequent sections.

3.2 Specimen Collection

The specimens tested were removed from jacket-type platforms that were being
salvaged after having been in service for approximately 5-20 years. The
specimens collected had varying types and degrees of damage. A1l damage found
was typical of platforms with 5-20 years of service. The types of damage that
occurred in the components included dents, observable cracks, initial out-of-
straightness, corrosion, and corrosion holes. Specimen lengths varied from 17
feet to approximately 40 feet while diameters varied from 10.75 inches to 20
inches. Nominal wall thicknesses varied from 0.375 to 0.500 inches.

3.3 Catalog Condition

A11 specimens were numbered and their ends marked A and B for specimen
identification and orientation. The A and B labels correspond to ends of the
load frame as shown in Figure.3-1. Figure 3-1 also shows the coordinate
system used in the reduction of the full scale test data. Each specimen was
visually inspected to determine its usable length and overall condition.
Observable dents, holes, or other damages were documented with respect to
size, distance from end B, and circumferential distance from a reference chalk
1ine. This chalk line was located at the top of the specimen (corresponding
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to the +y axis) and extended the full length of the specimen. Photographic
records of all damage and the overall condition of the specimens were also
taken.

Dent damage was documented by recording the longitudinal Tocation from end B
and by measuring the depth of the dent at known circumferential locations from
the reference chalk line. Measurements of dent depth were made perpendicular
to the circumference on the specimen by using a light-gage tin strap and a
ruler. The strap was wrapped tightly around the specimen such that the strap
represented the undamaged circumference of the tube. The perpendicular
distance between the specimen and the strap was then measured and recorded at
every inch along the circumference in the dented region. These measurements
were used to determine the cross-section profile of the dented area. By
making successive measurements Tongitudinally along the pipe, a series of dent
profiles for a dented region were produced.

Initial out-of-straightness of the specimen was also measured. Clamps were
attached to the specimen at its ends, and a string was pulled taut then tied
to each clamp at the same height above the surface at the ends of the
specimen. Perpendicular measurements were made between the string and the

member surface at one foot intervals along the specimen and at locations where

the out-of-straightness appeared to be a maximum. The measurements were
subtracted from the height of the string at the ends to obtain the magnitude
of the initial out-of straightness. For specimens with out-of-straightness in
two directions, additional clamps were placed on the ends of the specimens 90
degrees from the first clamps. The same measurements previously described
were made to determine the out-of-straightness in the second direction.

Any attachments welded to the member were removed as close to the specimen
surface as possible by flame cutting. Although it is unlikely that these
features affected the behavior of the specimen, their location and size were
documented with the other damage.

Whenever necessary, as much loose corrosion as possible was removed (with a
hammer) from the outside surface of the specimens. This was done in order to
evaluate the surface of the specimen and to facilitate the installation of
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strain gages. The Tocation of any localized heavy corrosion was recorded
along with the location of corrosion holes. From visual inspection of the
specimens, the severity of corrosion was rated as low, medium, or high, and
the extent of corrosion was classified as local or overall. Photos of
corroded specimens can be found in Figure 3-2a), 3-2b), and 3-2c) which
represent low, medium, and high corrosion. Corrosion which occurred over a
limited region of a specimen was classified as local corrosion while overall
corrosion indicated that corrosion occurred along the entire specimen. Also
shown in Figure 3-2d) is an example of overall medium corrosion with local
high corrosion.

A1l damage was documented and presented in a damage- summary for each specimen.
In addition, photographs were taken of each damage location to provide a

visual record.

3.4 Specimen Description

A brief description of each of the specimens tested is presented in this
section. In addition, Table 3-1 contains a summary of the relevant geometric
properties for each specimen including length, diameter, nominal wall
thickness, diameter-to-thickness (D/t) ratio, and length-to-radius of gyration
(L/r). The specimens were also identified as rolled fabricated pipe or
manufactured seamless pipe as shown in Table 3-1. The type and magnitude of
initial damage present on the test specimens are presented in Tables 3-2 and
3-3. Table 3-2 presents the type of damage present on each specimen while
Table 3-3 further details the initial damage by listing the amount and extent
of corrosion for each specimen, and the magnitude of initial denting and
bending damage. For specimens with more than one dent or initial out-of-
straightness, the largest dent depth or out-of-straightness is given. An
example of the detailed damage summary prepared for each specimen is shown in
Figure 3-3. Figures 3-4 and 3-5 are examples of initial out-of-straightness
and dent profile documentation, respectively. Complete descriptions of all
specimens can be found in Appendix A. Given below are brief descriptions of
each specimen.



Specimen 01: Specimen 01 was 19.6 feet in length, 18.00 inches in diameter,

_and had a nominal wall thickness of 0.375 inches. The specimen was initially

straight with an 8 inch diameter and 0.50 inch deep dent, located 3'-2" from
end B. In addition, the specimen was highly corroded.

Specimen 02: Specimen 02 had a length of 22.13 feet, an outside diameter of
18.00 inches, and a nominal wall thickness of 0.438 inches. The specimen had
no dents or initial out-of-straightness, but it did have medium corrosion
along its entire length and a localized region of high corrosion.

Specimen 03: Specimen 03 was 24.20 feet Tong with an outside diameter of
18.00 inches and a nominal wall thickness of 0.375 inches. Overall medium
corrosion and localized high corrosion were the only kinds of damage for this
specimen.

Specimen 04: Specimen 04 had a length of 34.73 feet, an outside diameter of
12.75 inches, and a nominal wall thickness of 0.375 inches. The specimen was
not dented, but was initially bent 1.31 inches in the vertical (y-z) plane.
The overall corrosion along the specimen was low with a region of medium
corrosion.

Specimen 05: Specimen 05 was 18.52 feet in length and 18.00 inches in
diameter with a nominal wall thickness was 0.375 inches. This specimen was
initially straight with high corrosion over its entire length. It had a small
corrosion hole near end B, and a 9 inch diameter, 0.50 inch deep dent Tocated
5/-7" from end B.

Specimen 06: Specimen 06 had a Tength of 39.5 feet, an outside diameter of
20.00 inches, and a nominal wall thickness of 0.500 inches. This specimen had
no visible damage.

Specimen 07: Specimen 07 was 39.46 feet in length with an outside diameter of
12.75 inches and a nominal wall thickness of 0.375 inches. The specimen was
initially straight with Tow corrosion and had an 8 inch diameter, 1.5 inch
deep dent located near its midspan.

Specimen 08: Specimen 08 was 26.63 feet long, 10.75 inches in diameter, and
had a nominal wall thickness of 0.375 inches. It was initially straight, but
had a § inch diameter, 0.25 inch deep dent, 3'-8" from end B. The specimen
had medium corrosion over its entire length and a localized region of high
corrosion.
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Specimen 09: Specimen 09 had a length of 22.04 feet with an outside diameter
of 14.00 inches and a nominal wall thickness of 0.500 inches. There was low
corrosion on the specimen and no dents or initial out-of-straightness.
Specimen 10: Specimen 10 was 31.60 feet in length and 14.00 inches in
diameter with a nominal wall thickness of 0.500 inches. The specimen was
initially straight with no dents. The amount of corrosion was low, and there
were three small torch holes in the wall of the specimen 26 feet from end B.
Specimen 11: Specimen 11 was 28.96 feet in length with an outside diameter of
10.75 inches and a nominal wall thickness of 0.375 inches. The specimen was
initially straight with no dents and had Tow corrosion.

Specimen 12: Specimen 12 had a length of 39.48 feet, an outside diameter of
12.75 inches, and a nominal wall thickness of 0.375 inches. The specimen was
initially straight but was highly corroded. In addition, there were two holes
with some denting and a third dent with no hole. The largest dent depth on
the specimen was 3 inches.

Specimen 13: Specimen 13 was 24.13 feet in length with a 12.75 inch outside
diameter and a nominal wall thickness of 0.375 inches. This specimen was
jnitially bent in both the vertical (y-z) and (x-z) horizontal planes. The
largest out-of-straightness was 8.13 inches in the y-z plane. There were also
four large dents on the specimen and high overall corrosion.

Specimen 14: Specimen 14 had a length of 16.75 feet and was the shortest
specimen tested. The outside diameter was 12.75 inches with a nominal wall
thickness of 0.375 inches. This specimen was initially bent in both the
vertical (y-z) and horizontal (x-z) planes with the largest initial deflection
being 2.88 inches in the y-z plane. There were three dents located near end B
and heavy corrosion over the entire length. Two small corrosion holes and an
area in which the wall was very thin were Tocated at 4'-9" from end B. In
addition, the overall corrosion along the specimen was very high.

Specimen 16: Specimen 16 was 28.77 feet in length and 12.75 inches in
diameter with a nominal wall thickness of 0.375 inches. This specimen was
also bent in both the vertical (y-z) and (x-z) horizontal planes with a
maximum out-of-straightness of 6.63 inches in the y-z plane. There were four
small dents along the specimen with a maximum dent depth of 0.25 inches. This
specimen was composed of two pipe segments with the same outside diameter but
different wall thicknesses. The two segments were connected by a collar
welded to both pipes. Corrosion was low over the entire specimen.
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Specimen 17: Specimen 17 had a Tength of 31.17 feet, an outside diameter of
12.75 inches, and a nominal wall thickness of 0.375 inches. The specimen was
initially bent in the vertical (y-z) plane. In addition, there was a dent
along the top of the specimen located 19 feet from end B. The maximum out-of-
straightness was 4.75 inches, and the dent was 8 inches wide and 1.375 inches
deep. There was low corrosion on the specimen.

Specimen 18: Specimen 18 had a length of 17.08 feet, an outside diameter of
10.75 inches, and a nominal wall thickness of 0.375 inches. This specimen was
initially out-of-straight 0.88 inches in the vertical (y-z) plane and had
medium corrosion over the entire length of the specimen with a localized high
corrosion region. In addition, there were seven small dents on the specimen.
The largest of these dents was located 5 feet 4 inches from end B and was 8
inches wide and 0.375 inches deep.

Specimen 19: Specimen 19 was 37.27 feet in length with an outside diameter of
16.00 inches with a nominal wall thickness of 0.375 inches. The specimen was
initially straight with no dents. There was medium overall corrosion and a 70
inch crack in a longitudinal welded seam near end A. '

Specimen 20: Specimen 20 had a length of 34.67 feet, an outside diameter of
12.75 inches, and a nominal wall thickness of 0.375 inches. The specimen was
jnitially straight with high corrosion and no denting.

Specimen 21: Specimen 21 had a Tength of 22.33 feet, an outside diameter of
16.00 inches, and a nominal wall thickness of 0.375 inches. This specimen was
initially straight with no denting. There was a medium amount of corrosion
over the entire specimen, and there was a corrosion hole near end A. There
was also a 95 inch long longitudinal crack through the wall of the specimen
near end A.

3.5 Instrument component

Each test specimen was instrumented with thirty electric resistance, 350 ohm,
foil strain gages. Six strain gages were mounted, equally spaced, around the
circumference at five locations along the specimen. Whenever possible, the

first and last ring of strain gages were placed three specimen diameters from
each end. The remaining three rings of gages were equally spaced between the
first and last rings as shown in Figure 3-6. For short specimens, with large
diameters, an end spacing of three diameters was greater than the resulting
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equal spacing between the interior rings. For these specimens all the rings
were equally spaced along the specimen. Finally, if a ring was to be located
at a damaged area it was moved to the nearest undamaged location on the
specimen.

The location of all thirty strain gages was carefully documented for later use
in the data reduction. The longitudinal distance from end B of the specimen
to each strain gage was recorded as well as the circumferential distance from
the reference chalk line. With these measurements, the X, v, and z
coordinates of the each strain gage was determined.

3.6 Full Scale Testing

3.6.1 Load Frame. The full scale specimen testing was carried out in a 1.8
million pound load frame specifically designed and built for this experimental
study. The load frame, shown in Figure 3-7, consists of three - 58 feet long,
W24 x 104 members which serve as the tension legs of the load frame. The legs
are held in position by a fixed headstock and fixed tailstock. Three 300 ton
capacity, four foot stroke, jacks are attached to the fixed headstock, and
positioned so that the resultant load acts through the centroid of the
headstock. The jacks apply load to the specimens through a movable headstock
which, along with the fixed tailstock, serve to hold the specimen in position.
The movable headstock corresponds to end A of the test specimens while end B
corresponds to the fixed tailstock.

3.6.2 Specimen Preparation. After mounting the strain gages, the specimen was
prepared for testing. The ends of the specimen were ground smooth to provide
good contact between them and the load frame. After the ends were ground, the
specimen was placed horizontally in the 1oad frame and positioned so that its
centroid coincided with the line of action of the resultant load of the jacks.
The specimen was held in place.at each end by three clip angles located 120
degrees around the circumference of the specimen as shown in Figure 3-8.

These angles provided restraint against end translation but provided no
restraint against end rotation. Further discussion of the end conditions is
presented in Section 3.12.3.




With the specimen in the load frame, six hooks were welded on the specimen to
attach the instrumentation for measuring the horizontal and vertical
displacements. The strain gages were then soldered to the lead wires of the
data acquisition equipment.

Although every effort was made to grind the ends of the specimens smooth, it
was very difficult to get them to fit flush with the headstock and/or
tailstock. For specimens with initial bending, it was impractical to attempt
to grind the ends such that they were flush with the tailstock and headstock
of the load frame. As a result, the ends of the specimens were shimmed with
thin pieces of steel in order to ensure uniform contact between the load frame
and the specimen. This significantly reduced the eccentricity of the applied
Joad prior to the ultimate or buckling load. It should be noted that the
first two specimens tested, specimens 06 and 12, were not shimmed.

3.6.3 Instrumentation. As mentioned earlier, the specimen was instrumented
with thirty strain gages to measure normal strains in the specimen. Strain
gages were also mounted on the load frame to measure the applied load. Pairs
of strain gages were mounted on the three legs near the midspan of the load
frame as shown in Figure 3-9. The gages on each leg were mounted on
diagonally opposite flanges at equal distances from the flange edges. During
data reduction, the readings from the two diagonal gages (40 and 42, 43 and
45, 46 and 48) were added to negate any strain induced from incidental bending
in the leg. The average of the two strains is then the average axial strain
in the leg. The sum of the axial strains in the three legs is then used to

compute the total load in the frame, and thus, the total compressive load in
the specimen.

The chord shortening of the specimen was measured with three wire displacement
transducers (hereafter called stringpots) placed between the tailstock and the
movable headstock. These displacement transducers were placed one hundred
twenty (120) degrees apart on the movable headstock at equal distances from
the centerline of the headstock. The resultant chord shortening was
determined by averaging the three stringpot readings.



Past the peak load, it was possible for the specimen end to rotate away from
the headstock or tailstock. To measure this rotation, two dial gages with
magnetic bases were attached 180 degrees apart at the specimen ends as shown
in Figure 3-10. The dial gages were read at each load step and appropriate
corrections were made to the chord shortening measurements taken from the
stringpots.

Finally, the horizontal and vertical displacements of the specimen were
measured at the first and last rings of strain gages and midway between these
two rings. These measurements were taken by displacement transducers attached
to the load frame and hooks welded on the specimen.

3.6.4 Testing. The specimen was tested in axial compression. Load was
applied by advancing the movable headstock at timed increments. The load was
allowed to stabilize and three sets of load, lateral dispiacement, chord
shortening, and strain data were taken at each load step. The dial gages used
to monitor the specimen end rotation were also read at each load step. The
specimen was subjected to increasing axial deformation until one of the
following occurred: 1) the specimen contacted the load frame or ground or 2)
the safety of further testing was in doubt.

3.6.5 Data Acquisition. Load, displacement, and strain data measured during
the full scale compression test was collected and recorded using the FASTBOX.
The FASTBOX is a high-speed data acquisition system designed for Texas A&M
University. At each data step, the FASTBOX sampled and read the forty-nine
channels of data, saved the data on a standard 5-1/4 inch floppy disk, and
generated a printout of the data. The four dial gages on the specimen were
manually read and recorded at each load step.

3.6.6 Results. The full scale compression tests provided information on the
buckling and post-buckling behavior of damaged tubular members. The ultimate
strength, chord shortening, and lateral displacement were obtained by simple
reduction and/or correction of the raw data. The effective length and walil
thickness of the specimen as well as the eccentricity of the applied Toad was
determined from a more rigorous reduction and analysis of the data.
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The measured chord shortening, load, and horizontal and vertical displacement
data were reduced by means of the computer program, DISPLAC, written
specifically for this test program. A listing of this program can be found in
Appendix B. The load at any step was calculated by multiplying the sum of the
average axial strain in each leg of the load frame by the modulus of
elasticity (29,500 ksi) and cross-sectional area of a W24 X 104. The chord
shortening was computed as the average of the three chord shortening
measurements with the appropriate dial gage corrections applied for end
rotation. The resolution of the horizontal and vertical measurements to the
actual horizontal and vertical displacements was not as simple. ODue to the
large deformations involved, the measurements proVided by the displacement
transducers (Ax and Ay) were not actual horizontal or vertical
displacements. Instead each reading was a combination of these two
displacements as shown in Figure 3-11. At each location, two quadratic
equations can be written that relate the measured to the actual horizontal and
vertical displacements (8, and &.). These two equations were solved

simultaneously to determine the actual displacements.

The 1east—§quares error analysis algorithm, CURVE, was written that produces
the best-fit curvature and displacement for the thirty channels of measured
strain gage data and the six channels of measured Tateral displacement data.
The derivation of this formulation and a listing of the computer code can be
found in Appendix C. The curvature, the displaced shape, and the effective
length of the member, in the pre-buckling and post-buckling regions, were
determined from the analysis. In addition, the eccentricity of the applied
load was computed based on 1) the lateral displacement at the points of
inflection and 2) the moments at the end of the member.

Since the inflection point is a location of zero moment, the resultant load
must pass through the centroid of the cross-section at that point. Thus, the
eccentricity of the resultant 1oad was determined by computing the Tateral
deflection of the member at the location of the inflection points in the
program CURVE. In addition, the end moments were computed at each data step
by multiplying the member curvature at each end by the modulus of elasticity
and moment of inertia of the specimen. The end moment was then divided by the
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measured load to compute the eccentricity of the load. A summary of these
formulations and a listing of the computer program, ECC, used to compute the
eccentricities from the calculated end moments can be found in Appendix D.

The overall effective wall thickness was computed for each specimen using the
results from the CURVE program. At each load step, the axial strain
component, C, from the least-squares fit of the measured strain data was used
with the measured load data and the modulus of elasticity to compute an
effective wall thickness. Appendix E contains a description of this
calculation. The average of the computed wail thicknesses from the initial to
the ultimate (buckling) load, was defined as the overall effective wall
thickness.

3.7 Ultrasonic Testing

The wall thickness of the tubular specimens was determined by taking
ultrasonic measurements at the thirty strain gage locations. Additional wall
thickness measurements were taken on some specimens in areas of heavy
corrosion and in regions of local buckling. A SONIC FTS Mark I instrument
with a 220 Thickness Adapter was used with a Panametrics 0.5 inch diameter,
2.5 MHz, longitudinal transducer on all specimens. Ordinary Tightweight
grease was used for couplant.

3.8 Tensile Coupon Tests

3.8.1 Specimen Collection_and Preparation. Upon completion of the full scale
compression test, two coupons were taken from an unyielded region of each
specimen. Each coupon, approximately 10 inches by 3 inches, was removed by
flame cutting so that the long axis of the coupon was paraliel to the
longitudinal (z) axis of the specimen.

The specimens were then machined to the final configuration specified by ASTM
E8-88 as shown in Figure 3-12. Both faces of the coupon were machined so that
the 2-1/4 inch throat area had a constant cross-sectional thickness free from
corrosion and pitting. The dimensions of the throat cross-section were |
accurately measured and recorded for use in the data reduction.
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3.8.2 Testing Equipment and Procedure. Each coupon was placed in a 20 kip,
MTS Axial Test machine and loaded in uniaxial tension. The tests were
conducted according to the procedures in SSRC Technical Memorandum No. 7. The
specimens were loaded in a stroke control mode at an approximate strain rate
of 0.01/minute. The load was measured using a calibrated 20 kip, MTS load
cell while the strains were measured using a model 632.11B-20 MTS Extensometer
with a 20% maximum strain range.

Stress and strain data were recorded at 1 second intervals throughout the
entire test. To obtain the static yield stress, the test was paused for five
minutes at three specified strains beyond the yield strain (approximately
0.005, 0.010, and 0.015). During this time, the strain was held almost
constant as the load drops slightly. Strain data were recorded until the
extensometer reached its maximum range of approximately 20% (well beyond the
yield strain for all specimens). The extensometer was removed, the test
continued, and load data were taken until the specimen ruptured. Each test
took approximately 45 minutes to complete.

3.8.3 Results. Stress-strain plots were generated for each coupon tested.
Yield stress, ultimate stress, and modulus of elasticity were determined from
the average values from the two tensile coupon tests. Both static and dynamic
yield stress were determined for seventeen of the twenty specimens tested.

The modulus of elasticity was determined using a spreadsheet Tinear regression
analysis on the stress-strain data for each specimen, but due to the
sensitivity of the extensometer used to measure strains, these values are

~questionable.

3.9 Ring Tests

3.9.1 Specimen Preparation. After completion of the full scale compression
tests, a cross-sectional ring,. two or three diameters long, was flame cut from
the specimen. The ring was removed from a straight, unyielded area that was
somewhat representative of the overall damage of the specimen. The ring was
then taken to a machine shop to have its ends turned to ensure that the ring
would make full contact with the platens of the load fixture. The Tength of
the specimen was then accurately measured and recorded.
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3.9.2 Testing Equipment and Procedure. The ring was placed in a 500 kip MTS
universal testing machine and Toaded in uniaxial compression. The load was
applied in increments of 25 kips until the load capacity of the MTS machine
was reached. At each load step, the deformation of the ring was measured by
four (0.0001 inch increment, 0.5000 inch stroke) dial gages symmetrically
Tocated (90 degrees) around the ring. The axial deformation of the ring was
determined by taking the average of the four dial gage readings.

3.9.3 Results. The basic result desired from the ring tests was the effective
wall thickness of the specimen. It was assumed that the effective wall
thickness of the specimen could be determined by testing a representative ring
from the specimen. The modulus of elasticity (E = 29,500 ksi), the length of
the ring, and the slope of the load-displacement curve from the ring test were
used to compute the effective area and wall thickness of the ring.

3.9.4 Discontinuation of Ring Tests. As previously stated, the primary
purpose of the ring tests was to compute an effective wall thickness for the
full scale specimen. This wall thickness was to be compared with the wall
thickness as determined by ultrasonic testing and later used in the analytical
models to predict the behavior of the member.

The ring tests were conducted on the first eight specimens to determine
effective wall thicknesses. As previously mentioned, the éffective wall
thickness was also determined from the full scale compression tests.
Comparison of these wall thickness values showed that the full scale values
were typically smaller than those obtained from the ring test. The reason for
this is simple. The wall thickness determined from the full scale tests was
based on data taken over the entire length of the specimen, including all
damaged regions. The wall thicknesses determined from the ring tests was
based on data from a significantly shorter specimen that, proportionally,
contained less damage. It became apparent that the location from which the
ring was removed greatly influenced the effective wall thickness as computed
from the ring tests. Thus, it would be impossible to obtain a ring specimen
that was truly representative of the full scale specimen. After the eight
tests it was decided that the full scale data provided a more accurate value
of wall thickness, and the ring tests were discontinued.
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3.10 Test Results

3.10.1 General. The data collected during the tests described in the previous
sections were analyzed, and summarized in graphical and tabular form. A
complete presentation of the results for all specimens is included in Appendix
A. A brief summary of these results and a detailed description of the results
for a typical specimen are presented in the subsequent sections.

3.10.2 Full Scale Tests. The full scale axial compression tests provided all
the data on the ultimate and post-ultimate behavior of the damaged tubular
members. The results obtained from these tests included peak axial load,
chord shortening, and specimen effective length. Additional information
concerning the displaced shape, load eccentricity, and effective wall
thickness was also determined. '

3.10.3 Ultrasonic Tests. An average wall thickness for the specimen was
computed from 30 individual ultrasonic wall thickness measurements. In
addition, wall thickness measurements were also taken in regions of local
failure.

3.10.4 Tensile Coupon Tests. The tensile coupon tests were conducted to
determine the material properties for each full scale specimen. The following
results were obtained from the uniaxial tension tests:

(a) Modulus of elasticity

(b) Static yield stress

(c) Dynamic yield stress

(e) Ultimate strength.
A1l properties were obtained by averaging the individual values obtained from
the two tensile coupon tests conducted for each specimen.

3.10.5 Ring Tests. The purpose of the ring‘tests was to determine an
effective wall thickness for the specimen. The load-axial deformation data
from the tests were used with the modulus of elasticity and the length of the
specimen to compute an effective wall thickness.
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3.10.6 Presentation of Results. The results obtained from the full scale
compression tests, ultrasonic tests, tensile coupon tests, and ring tests are

presented in thirteen graphs for each specimen. These graphs include:
(1) Effective Length vs Load Step
(2) Load and Normalized Deflection vs Load Step
(3) Load vs Chord Shortening
(4) Horizontal Displacements
(5) Vertical Displacements

(6) x - Eccentricities based on Inflection Points
(7) y - Eccentricities based on Inflection Points
(8) x - Eccentricities based on End Moments

(9) y - Eccentricities based on End Moments .-

(10) Computed Wall Thickness based on Full Scale Teét Data
(11) Summary of Effective Wall Thickness Results
(12) Stress-Strain Curve for Tensile Coupon 1
(13) Stress-Strain Curve for Tensile Coupon 2
These graphs are presented for each specimen in Appendix A.

The effective length gkaphs are one of the results from the least-squares
error analysis of the full scale strain and displacement test data. The
effective length, "k", of a specimen is a function of the end conditions and
is one of the key parameters used to compute the critical global buckling load
of an axially loaded member. The (L/L) or "k" values obtained from the
curve-fit analysis were highly dependent on the initial condition, and the
behavior of the specimen during the full scale test. For some of the
specimens with severe local corrosion, failure was observed to occur by local
yielding of the reduced cross-section as opposed to failure by global
buckling. In such cases the effective length has Tittle or no meaning.

The values of effective length were also dependent upon the initial out-of-
straightness of the specimen. . For straight specimens there was no lateral
displacement prior to buckling (or ultimate) load. Thus, there was no
curvature, and again the effective length had little meaning. For initially
bent specimens, lateral displacements occurred and thus curvature existed
prior to peak load. Therefore, it was possible to obtain a relevant effective
Tength value prior to peak load for these specimens.
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It should be further noted, that for some specimens, the deformations became
large in the post-buckling region. For these specimens the ends tended to
rotate away from the tailstock and movable headstock platens. This resulted
in decreased end restraint and an apparent increase in effective length near
the end of the test.

The load and normalized deflection graph was intended to be used in
conjunction with the effective length graph. The peak load and the resultant
displacement at the center of the specimen, normalized with respect to the
length of the specimen, were plotted at each load step. This graph was used
to define the load step at which "buckling" of the member occurred so the
proper (L./L) value at buckling could be determined.

The load versus chord shortening graph was perhaps the most important result
of the experimental program. This graph shows the axial deformation of the
tubular members in the pre- and post-ultimate range with respect to applied
axial Toad. '

The horizontal and vertical displacements were measured at three locations on
the specimen during the full scale tests. The results of these measurements
were plotted in the horizontal and vertical displacements graphs.

Graphs six through nine show the computed eccentricity of the axial Toad at
each end. The eccentricities were computed from two different methods and, in
general, produce similar results for most specimens. The computed
eccentricities indicate the point of application of the applied resultant
axial load. The eccentricity of the applied load was calculated for each end
of the specimen and plotted for each load step along with the average of the
two end eccentricities. For most initially straight specimens, the
eccentricities were nearly zero until buckling occurred. At large Tateral
displacements, the location of the applied load began to move in the direction
of the displacement as the ends of the specimens tended to rotate off the
headstock and tailstock of the load fixture. However, this behavior generally
occurred well beyond the measured peak load.



Due to the corrosion of the specimens, it was necessary to determine an
effective wall thickness to be used in the analytical models discussed in
Chapter 4. Three methods were used to determine the wall thickness. The
results of all the wall thickness measurements and calculations were plotted
for each specimen. On this graph, the individual values of wall thickness as
determined from ultrasonic testing were plotted along with the average of the
ultrasonic results. In addition, the effective wall thickness computed from
the full scale tests (see Appendix E) and the ring tests (if applicable) were
also plotted. ‘

The final two plots for each specimen are the stress-strain curves for the
tensile coupons. These graphs were used to determine the specimen material
properties.

Several tables were also prepared which summarized the major findings of the
experimental program. Table 3-4 provides a summary of the full scale
compression tests. Included in this table are the peak axial load,
deflections at peak load, and the computed effective length.

The results of the measured and computed wall thicknesses are presented in
Table 3-5. The average wall thickness as computed from full scale and ring
tests and as measured in the ultrasonic tests are reported along with the
nominal wall thickness.

The material properties presented in Table 3-6 are the modulus of elasticity,
static and dynamic yield strengths, and ultimate strength. It should be noted
that the values given for modulus of elasticity are dubious at best due to the
sensitivity of the extensometer. An accepted value of the modulus of
elasticity (E = 29,500 ksi) for steel was used for all data reduction
calculations in the experimental portion of the test program.

Finally, Table 3-7 presents the diameter-to-thickness ratios and length-to-
radius of gyration ratios for the specimens tested. In this table, the
effective wall thicknesses as determined from the full scale tests are used to
compute the ratios. The values in this table can be compared with the values
that are based on nominal wall thickness as presented in Table 3-1.
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3.10.7 Typical Results for a Test Specimen. This section presents a detaiied

description of the test results for Specimen 17. Specimen 17 was 31.17 feet
long with an outside diameter of 12.75 inches and a nominal wall thickness of
0.500 inches. The specimen was initially bent in the vertical (y) direction
and was dented near midspan. The specimen was tested in axial compression and
attained an ultimate load of 420 kips. The effective buckling length for this
specimen was calculated as 0.52. The wall thickness was determined to be
0.496 inches based on ultrasonic testing and 0.422 inches using the data from
the full scale tests. The static yield strength was 49.2 ksi, the dynamic
yield strength was 51.4 ksi, and the ultimate strength was 64.0 ksi.

The effective length, load, and normalized resultant deflections of Specimen
17 were plotted versus load step and are shown in Figure 3-13. The normalized
resultant deflection computed as the resultant deflection at midspan divided
by the specimen length was also computed and plotted at each load step. A
normalized resultant defection of 0.007 was used for all specimens to define
the load step at which buckling of the specimen occurred. Using the Tower
graph of Figure 3-13, a horizontal line was drawn from a normalized deflection
of 0.007 to determine that buckling occurred at Toad step 35. The (L/L) at
buckling was then determined by constructing a vertical line at the
corresponding load step (35) on the upper graph of Figure 3-13 and reading the
vertical scale at the intersection of the two lines. Using this procedure,
the effective length for specimen 17 was determined to be 0.52.

Figure 3-14 is the load versus chord shortening relationship for Specimen 17.
This graph is used to characterize the ultimate and post-ultimate axial
deformation of the specimen. The curve shown in Figure 3-14 consists of two
distinct regions: 1) the pre-buckling region and 2) the post-buckling region.
The maximum value of axial load is considered the peak load. The portion of
the curve prior to peak load is the loading curve and is generally linear.
After the peak load is attained, the specimen undergoes significant axial
deflection while the load decreases. This is called the post-buckling or
unloading portion of the curve. The behavior shown in Figure 3-14 is typical
for members loaded in axial compression.



The horizontal displacements at the three measured locations are plotted in
Figure 3-15. Location 1 refers to the measurements taken at the first ring of
strain gages near end A while location 3 corresponds to the measurements taken
at the ring of strain gages near end B. Location 2 refers to the measurements
taken near midspan.

The horizontal displacements, as shown in Figure 3-15, were extremely small
until the peak load was reached and the specimen began to deflect. As shown,
the maximum horizontal deflection of -1.17 inches occurred near midspan while
the deflection near the ends remained small. The horizontal displacements, at
all locations were relatively small when compared to the vertical
displacements. '

Figure 3-16 is a plot of the vertical displacements for Specimen 17. The
locations at which the measurements were taken are the same as those for the
horizontal displacements. The specimen deflected vertically at the onset of
loading since it was initially bent in the y - direction. These deflections
became quite large in the post-buckling region. As expected, the measured
deflections at midspan were significantly larger than the deflections measured
near the ends. The maximum vertical displacement was -11.2 inches near the
midspan of the member and occurred at the end of the test.

The eccentricity of the applied axial load as computed from the displacements
at the inflection points of the specimen are shown in Figures 3-17 and 3-18.
Figure 3-17 contains the eccentricities in the x direction, while Figure 3-18
contains the eccentricities in the y direction. These graphs indicate that
the load remained centric throughout the test in the x direction but not in
the y direction past the peak load. This behavior was caused by the large
vertical displacements that occurred in the post-buckling region. As the load
was app]ied, the specimen deflected downward causing the ends to rotate from
the headstock and tailstock of the load frame. This results in the line of
action of the resultant load being located below the centroid of the cross
section (-y direction).

Figures 3-19 and 3-20 are plots of the eccentricity of the axial load as
computed from the calculated end moments. These end moments were computed
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from the curvature at the ends of the specimen as determined by the curve fit
algorithm. The results shown in these plots, when compared to Figures 3-17
and 3-18, show that the two methods of computing eccentricities produced
similar results.

An effective wall thickness was computed for each load step from the data
measurements taken during the full scale tests. These values were calculated
based on the average axial strain component, C, as determined by the curve fit
algorithm (see Appendices C and E) and are shown in Figure 3-21. Prior to the
ultimate load, the computed wall thickness remained essentially constant. The
effective wall thickness was computed by taking the average of these values
prior to peak load. After the peak Toad, bending produces the dominant
strains so that the effective wall thickness based on axial strains is
meaningless.

The results of all the methods used to measure and compute specimen wall
thickness were graphed as shown in Figure 3-22. The individual ultrasonic
measurements were plotted along with an ultrasonic average. For Specimen 17,
the individual ultrasonic readings exhibited little scatter since the specimen
did not contain significant corrosion damage. For other members with severe
widespread corrosion, the ultrasonic data had significantly more scatter.

Also plotted on Figure 3-22 were the average wall thicknesses computed from
the full scale tests and, when applicable, the ring tests.

Finally, the stress-strain curves for the tensile coupon tests were plotted as
shown in Figures 3-23 and 3-24. The dynamic yield strength was determined
by the standard 0.2% offset method. As mentioned previously, all test and
data reduction procedures were performed according to SSRC Technical
Memorandum No. 7. The tests were stopped three times (5 minutes each time) at
specified strains beyond the yield strain. During these stops, the strain was
held relatively constant while the load was allowed to stabilize. This was
done so that the static yield strength of the specimen could be determined.
These stops result in the three dips shown in the stress-strain curves of
Figures 3-23 and 3-24. To determine the static yield stress, a line is drawn
through the three dips. The stress at which this line intersects the 0.2%



offset line is defined as the static yield strength. Both yield strength
values are shown in Figure 3-24.

3.11 Summary of Specimen Behavior - Full Scale Tests

For each specimen tested, the location and type of failure were recorded.
There were three distinct failure modes observed during the full scale tests:
1) global buckling, 2) local failure, and 3) crack opening. Shown in Figure
3-25 are examples of each failure mode. Specimens with high slenderness
ratios typically failed by global buckling while short specimens with large
(D/t) ratios exhibited a more Tocalized failure at ultimate load. The
localized failure was generally caused by material yielding in highly corroded
regions with reduced wall thickness. Only two specimens failed by crack
opening. Both of these specimens had a visible through-thickness crack in a
welded seam prior to testing. |

A summary of the failure type and location is presented in Table 3-8. In
addition, a brief description of the behavior of each specimen is included in
this section.

Specimen 01: Local failure occurred 3'- 0" from end B in a region of high
corrosion. The wall thickness in this area was determined to be 0.265 in.
using ultrasonic measurements compared to an overall effective wall thickness
of 0.270 in. determined from the full scale test data. |
Specimen 02: This specimen experienced local failure near a circumferential
weld located 3’-3" from end B. Ultrasonic wall thickness measurements in the
failure region indicated that the wall thickness in the failed region was
0.284 in. while the overall effective wall thickness was calculated as 0.346
in. Due to the reduced wall thickness, material yielding caused the local
failure.

Specimen 03: Local failure occurred 2/-4" from end B for this specimen. The
specimen wall thickness was determined to be 0.247 in. in the failed region
while the overall effective wall thickness was calculated to be 0.305 in. The

local failure was caused by material yielding due to the reduced wall
thickness.



)

Specimen 04: Specimen 04 was initially bent in one direction with no other
damage. The specimen failed by overall buckling with the Tocation of failure
15/- 6 1/2" from end B. As expected, the location of failure was near the
location of maximum initial out-of-straightness.

Specimen 05: This specimen failed initially due to the opening of an 8 in.
long through-thickness crack in welded seam located 24 in. from end B.
Shortly after this failure occurred, the specimen began to experience
localized failure 4’- 10" from end B.

Specimen 06: Specimen 06 was an undamaged pipe with no corrosion and failed
by global buckling. Beyond the buckling load, a hinge point formed 17'- 6
1/2" from end B. This failure location was near the midspan of the specimen.
Specimen 07: The major damage on this specimen was. a single dent Tocated 19'-
1 1/2* from end B. Specimen failure by global buckling occurred with the
hinge point at this location. During the test, a longitudinal tear formed in
the wall of the specimen just above the dent.

Specimen 08: This specimen failed by global buckling. The post-buckling
hinge point formed 19/- 9" from end B. The only damage on this specimen was a
small dent 3’- 8" from end B which did not affect the behavior of the
specimen. '

Specimen 09: Specimen 09 was an undamaged specimen which experienced global
buckling failure. A hinge point located 12’- 8" from end B formed beyond the
buckling load.

Specimen 10: Specimen 10 was an undamaged specimen which experienced global
buckling failure. The post-buckling hinge point was located 16'- 6" from end
B.

Specimen 11: Specimen 11 was an undamaged specimen which experienced global
buckling failure. The post-buckling hinge point was located 14’- 5 1/2" from
end B.

Specimen 12: This specimen was highly corroded and heavily damaged. Damaged
include three major regions with holes and/or denting. The specimen failed by
global buckling with the hinge-point located at a damaged region 14’- 5 1/2"
from end B. The other damage regions did not affect the overall specimen
behavior.

Specimen 13: Specimen 13 was initially bent in both the vertical and
horizontal planes and had four dented regions. The location of the deepest
dent corresponded to the location of the largest initial out-of-straightness
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in the vertical plane. This location was 8’- 3" from end B and was also the
point of hinging for the specimen. Failure occurred due to global buckling,
and the other dent damage did not affect the behavior of the specimen.
Specimen 14: This specimen had initial out-of-straightness and denting damage
as well as a region of heavy corrosion. The corroded region was identified
prior to testing due to two visible corrosion holes. Local failure due to
material yielding occurred in the highly corroded region 4’- 9" from end B.
The wall thickness in this yielded region was determined to be 0.219 in. using
ultrasonic measurements compared to an overall effective wall thickness of
0.295 inches as determined from the full-scale tests.

Specimen 16: Specimen 16 failed due to global buckling. The location of the
post-buckling hinge was 13- 1" from end B which corresponded to the location
of maximum initial out-of-straightness for this specimen. Four small dents on
the specimen did not seem to affect the overall specimen behavior.

Specimen 17: This specimen was initially bent in one direction. In addition,
there was a single dent on the specimen located at the point of maximum
initial out-of-straightness. This specimen failed by global buckling with the
post-buckling hinge point corresponding to the dent location of 19/- 1" from
end B.

Specimen 18: Specimen 18 had seven small dents, was initially bent, and had a
localized region of high corrosion. Local failure due to material yielding
occurred in a region that was highly corroded 2/- 11" from end B. The wall
thickness in this region was 0.261 inches as determined by ultrasonic testing.
The dents did not affect the overall behavior of the specimen.

Specimen 19: This specimen experienced local failure in a region of local
heavy corrosion 29/- 11" from end B. The wall thickness was determined to be
0.279 inches in this region compared to an overall effective wall thickness of
0.338 inches as determined from the full-scale tests. Prior to testing, there
was a crack near end A which appeared to be a result of corrosion in a welded
Jongitudinal seam. This crack was only through about half the wall thickness
and did not affect the overall. behavior of the specimen.

Specimen 20: This specimen had only corrosion damage and failed by global
buckling. The post-buckling hinge point was located 18’- 1" from end B.
Specimen 21: Specimen 21 had a series of cracks along a longitudinal welded
seam. Some of these cracks were through-thickness cracks while others were
not. Failure was caused by the opening of a through-thickness crack located
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19/ -8" from end B. The other through-thickness crack did not open
significantly. It was observed that crack growth was arrested by a
circumferential girth weld located 19'- 11 1/4" from end B. It should also be
noted that a highly corroded region 20’- 3" from end B containing a 1 inch
diameter corrosion hole did not affect the specimen failure.

3.12 Comparison of Experimental Ultimate Capacities to Predicted Capacities

In order to evaluate the reduction in strength of the tested specimens, the
measured ultimate loads were compared to analytical predictions for the
ultimate load of members with the same physical and material properties but
without damage. The predicted ultimate loads were .computed using the design
equations for compression members as presented in the literature and in
applicable design codes. The design equations for compression members as
presented in the American Institute of Steel Construction, Manual of Steel
Construction, Allowable Stress Design, 9th Edition (1989) and the Canadian
Standards Association, Steel Structures for Buildings - Limit States Design by
Prion (1987) were used without the safety or resistance factors in order to
predict member ultimate lToads. It should be noted that the American Petroleum
Institute design equations (API RP 2A, 1989) are the same as the AISC
equations. In addition, a mean value curve for predicting the ultimate
strength of tubular members (Cox, 1987) was also used for comparison purposes.

The physical and material properties needed to calculate the ultimate capacity
of the undamaged members include length, diameter, wall thickness, yield
strength, effective length, and modulus of elasticity. The modulus of
elasticity, E, was taken as 29,500 ksi and the static yield strength was used
for all calculations. The remainder of the parameters were reported in Tables
3-1, 3-5, and 3-6 and are summarized in Tables 3-9 and 3-10.

3.12.1 Discussion of Design Equations. Design codes provide design equations
for typical structural members. These equations generally contain factors
which account for the various uncertainties involved in the analysis and
design of structures. Load and resistance factors are used in limit state
design while safety factors are used in working stress design. In the
formulations used for computing ultimate loads in this research, these factors
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were removed to obtain the predicted ultimate capacity of the undamaged
members.

The allowable axial stress for a compression member is given by the AISC
Manual of Steel Construction, Allowable Stress Design (1989) as:

11 _ AkL/n)? L m
2C? 7
F, = d (3"1)
5 , 3(kr/r) _ (kr/1)3
3 8C, 8C2
for (kL/r) < C, and
F, = 12%%E (3-2)
23 (kL/1)? '

for (kL/r) > C..

where: F, = allowable axial stress

effective length factor of member
Tength of member

]

radius of gyration
» = yield stress

MR
[

0
i

. = slenderness ratio corresponding to the Euler buckling stress of

0.5 F,
= [2n2E/F, 12
E = modulus of elasticity.
As shown in Table 3-10 for all specimens tested in this research,
(kL/r) < C, so that only Eq. 3-1 is applicable. To compute the predicted

ultimate capacity, the safety factor (denominator) of Eq. 3-1 should be 1.0 so
that:

(kr/n)?

2¢C2

F =

u

1 - « F (3-3)

Y

where F, is the ultimate axial stress.

The ultimate load is then computed as:



Pull: = FuA (3_4)

where A is the cross-sectional area of the member. As previously mentioned,

~ the American Petroleum Institute (API RP 2A, 1989) uses the same equation to

predict the ultimate capacity of undamaged tubular members.

The Canadian Standards Association buildings code presents the buckling
resistance, P,, of members subjected to axial compression as follows (Prion,

1987):
P, = GAF, for 0 < A < 0.15 (3-5)
P, = $AF,(0.990 + 0.1224 - 0.3671%) . (3-6)
. for0.15<Ac<l2
P, = $AF,(0.051 + 0.801A72) (3-7)
for 1.2 < A < 1.8
P, = $AF,(0.008 + 0.94247%) (3-8)
for 1.8 < A < 2.8
P, = AF,A7? for 2.8 > A (3-9)
where: ¢ = resistance factor
g = KL | Fy (3-10)
r N\ n’E,

As can be seen from Table 3-10, Eq. 3-6 is applicable for all specimens tested
in this research. The resistance factor, ¢, was taken as 1.0 in all cases so
that the predicted ultimate capacity was calculated.

Strength equations for load and resistance factor design were presented by Cox
(1987). A column curve was obtained by determining the best fit for
previously reported compressive strength data for undamaged tubular members.
The mean value column curve strength for fabricated tubular members was
determined to be: ;

Py, = (1.03 - 0.24A%) P, ,for 0 < A < 1.7 (3-11)



where: P, = F A
and F,, A are as previously defined.

As can be seen from Table 3-10, A varied from 0.20 to 0.78 so that Eq. 3-11
is valid for all specimens tested in this research.

3.12.2 Evaluation of Results The calculated ultimate loads based on the three
formulas just described are presented with the experimentally measured
ultimate loads, P, in Table 3-11. The analytical values, P_,, were
computed using the nominal wall thickness values. The yield load, wa, was
computed by multiplying the specimen’s cross-sectional area based on nominal
wall thickness values by the measured static yield strength.

A ratio of the ultimate measured axial load to the predicted ultimate load,
Preas/ Pans USing the nominal wall thickness values is presented in Table 3-12.
From this table, it was noted that the measured and predicted values for the
undamaged specimen, specimen 06, were nearly identical. For the heavily
damaged specimens such as 12, 13, 14 and 16, the measured capacities were only
25 to 40% of the predicted ultimate capacity. For the remaining slightly and
moderately damaged specimens, the measured capacities ranged from about 50 to
80% of predicted capacity.

Figures 3-26, 3-27, and 3-28 are plots of the measured capacities, P,
(hereafter called the actual capacities) versus the predicted capacities, P_,,
1isted in Table 3-11. The specimens are numbered and have been separated by
damage types. A line for P, = P is plotted to aid in the comparison. It
should be noted that all specimens, except specimen 06, have corrosion damage.
As indicated by these figures all specimens, except specimen 06, have a
measured capacity less than the predicted capacity. The greatest differences
in strength occurred in the most severely damaged members. Members with large
out-of-straightness (00S) damage, members 13, 14, and 16, exhibited the
largest reduction in capacity: Members with only corrosion damage or
corrosion and single dent damage, exhibited the smallest reduction in
capacity. '



Table 3-13 presents the ultimate capacities of the specimens predicted using
the effective wall thickness values as determined from the full scale tests.
Table 3-14 contains the ratios of the measured capacities, P, to the

Table 3-14 again indicates that the measured and
predicted capacities of specimen 06 are nearly the same. Heavily damaged
specimens 12, 13, 14 and 16 had measured capacities that were 29 to 48% of the
predicted ultimate capacities. This is only a slight increase over the values
obtained using the nominal wall thickness values. For the remaining less

predicted capacities, P,

damaged specimens, the measured capacities were 56 to 95% of the predicted
capacities.

Figures 3-29, 3-30, and 3-31 are plots of actual measured capacities, P,
versus the predicted capacities, P_, listed in Table 3-13. Once again, the
specimens have been numbered and separated by damage types. A1l specimens had
corrosion damage except specimen 06. In these three figures, only the
specimens which failed due to global buckling or crack opening are plotted.
Specimens which experienced local failure were evaluated separately and are
discussed below. Figures 3-29, 3-30, and 3-31 indicate that the specimens
which were undamaged or corroded only, had ultimate measured loads slightly
less than the predicted ultimate loads. Again, severely damaged specimens,
that is specimens with large out-of-straightness (00S) damage and/or multiple
damage, exhibited the greatest difference in measured and predicted ultimate
Toad. A1l specimens, with the exception of specimen 06, had measured ultimate
loads less than predicted ultimate Toads.

The ultimate capacities of the specimens which experienced local failure were
calculated by multiplying the yield strength or critical local buckling stress
by the minimum cross-sectional area of the specimen. The minimum cross-
sectional area was determined after the full scale test by taking ultrasonic
wall thickness measurements in the region of local failure. In general, the
wall thickness in these regions were found to be significantly less than the
overall effective wall thickness. In some specimens, the reduced wall
thickness resulted in D/t ratios greater than 60. For these specimens, the
yield stress was reduced according to the procedure given by API RP 2A (1989)



g"‘F to account for possible Tocal buckling effects. According to API RP 2A the

d Tocal buckling stress, F,. is given by:

Fee = F,[1.64 - 0.23(D/t)%?°] < F,, (3-12)
Fy. = F, for D/t < 60 (3-13)

where: F,, = critical elastic Tocal buckling stress

2 CEt/D for t >0.25 and D/t < 300
critical elastic buckling coefficient
0.3

(g
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Table 3-15 presents the ultimate capacities predicted for specimens
experiencing local failure and the ratio of measured to predicted capacities.
Figure 3-32 is a plot of the measured capacities versus the predicted
capacities of the specimens experiencing local failure. It should be noted
that all specimens in this figure had corrosion damage. It should be further
noted that the measured ultimate load was less than the predicted ultimate
{”‘ﬁ load for all specimens. One possible reason for this behavior is the presence
of small corrosion pits in yielded regions that were not detected by
ultrasonic testing. These localized forms of damage would cause very
Tocalized stress concentrations and an overall reduction in member capacity.

A brief summary of the comparison between the measured and the predicted
ultimate capacity follows for each specimen. First, the measured capacities
for all specimens are compared to predicted capacities using the nominal wall
thickness. If the specimen failed by global buckling, the measured capacity
is compared to the predicted capacity using the effective wall thickness.
However, if the specimen experienced a local failure, the capacity is compared

to the predicted yield load using the minimum wall thickness (in the region of
Tocal yielding).

Specimen 01: Specimen 01 had a measured ultimate load that was 57% of the
predicted nominal ultimate capacity. The measured Toad was 82% of the yield
load. This specimen had initial damage in the form of a dent.



Specimen 02: Specimen 02 had a measured ultimate load that was 57% of the
predicted nominal ultimate capacity. The actual ultimate capacity was 88% of
the predicted yield load. The only type of damage on this specimen was
corrosion.

Specimen 03: Specimen 03 had a measured ultimate Toad that was 58% of the
predicted nominal ultimate capacity. The measured ultimate load was 89% of
the predicted yield load. Corrosion was the only damage for this specimen.
Specimen 04: The measured ultimate capacity of this specimen was 57% of the
predicted nominal ultimate capacity. The specimen failed by global buckling
in the direction the specimen was initially bent. The measured capacity was
68% of the buckling capacity predicted using the effective wall thickness.
Specimen 05: Specimen 05 had a measured ultimate capacity that was 62% of the
predicted nominal ultimate capacity. The measured capacity was 76% of the
predicted yield load. This specimen was corroded and had one dented region.
Specimen 06: This specimen was undamaged and failed by global buckling. It
had a measured ultimate load that was 3% greater than the predicted nominal
capacity. The measured capacity was 2% greater than the predicted ultimate
capacity using the effective wall thickness.

Specimen 07: Specimen 07 had a measured load that was 84% of the predicted
nominal capacity. The specimen buckled globally with the location of the
post-buckling hinge coinciding with the location of the single dent. The
measured capacity was 78% of the capacity predicted using the effective wall
thickness.

Specimen 08: Specimen 08 had a measured load that was 57% of the predicted
nominal capacity. The measured ultimate load was 89% of the predicted
ultimate Toad using the effective wall thickness. This specimen had a single
dent and corrosion damage.

Specimen 09: The measured ultimate load was 67% of the predicted nominal
ultimate load for this specimen and 93% of the ultimate capacity predicted
using the effective wall thickness. Corrosion was the only damage for this
specimen. i

Specimen 10: Specimen 10 had a measured ultimate load that was 81% of the
predicted nominal capacity. The measured load was 95% of the ultimate
capacity predicted using the effective wall thickness. The only damage
present was corrosion.



;‘“P Specimen 11: This was also a specimen with only corrosion damage. The

g specimen had a measured ultimate load that was 83% of the predicted nominal
ultimate capacity. The measured load was 89% of the predicted ultimate
capacity using the effective wall thickness.
Specimen 12: Specimen 12 had a measured ultimate capacity that was 40% of the
predicted nominal ultimate capacity. The measured capacity was 42% of the
predicted capacity using the effective wall thickness. This specimen was
corroded and had several holes and dents.
Specimen 13: This specimen was initially bent in both the vertical (y) and
horizontal (x) directions. In addition, the specimen was dented in several
locations and was highly corroded. It had a measured ultimate load that was
25% of the predicted nominal capacity. The measured capacity was 29% of the
predicted ultimate capacity using the effective wall thickness.
Specimen 14: Specimen 14 had a measured Toad that was 38% of the predicted
nominal capacity. The specimen was initially bent in two directions, dented,
and heavily corroded. The measured capacity was 64% of the predicted yield
load.

E 5‘”} : Specimen 16: Specimen 16 had a measured load that was 33% of the predicted

V nominal capacity. The measured ultimate load was 38% of the predicted
ultimate load using the effective wall thickness. This specimen had initial
out-of-straightness in two directions and dent damage.
Specimen 17: The measured ultimate load was 47% of the predicted nominal
ultimate load for this specimen and 56% of the ultimate capacity predicted
using the effective wall thickness. This specimen was initially bent in one
direction with a single dent.
Specimen 18: Specimen 18 had a measured load that was 63% of the predicted
nominal capacity. The measured load was 88% of the predicted yield load.
This specimen had denting and initial out-of-straightness damage.
Specimen 19: The specimen had a measured ultimate Toad that was 60% of the
predicted nominal ultimate capacity. The measured load was 75% of the
predicted yield load. The only damage on this specimen was corrosion.
Specimen 20: The measured ultimate load was 72% of the predicted nominal
ultimate load for this specimen and 82% of the ultimate capacity predicted
using the effective wall thickness. This specimen was undamaged except for

f F corrosion.
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Specimen 21: Specimen 21 had a measured load that was 58% of the predicted
nominal capacity. The measured load was 78% of the ultimate capacity
predicted using the effective wall thickness. The specimen had a through-
thickness crack which was the initiation site for local failure.

3.12.3 Discussion of End Conditions and Effective Length From Eq. 3-3, 3-6, 3-
10, and 3-11, it can be seen that the effective length factor, k, is one of
the principal parameters used to determine the ultimate capacity of a
compressive member. For straight, undamaged members, this factor is a
function of the restraint at the ends of the member. Theoretical values for
Ky Kepeo, Tange from 0.50 to 1.00 for members with their ends restrained
against lateral translation. If the ends of these members are fully
restrained against rotation (fixed), then: k., = 0.5. However, if the ends
are fully unrestrained against rotation (pinned), then: k. = 1.0. When
performing compression tests on members in the laboratory, it is very
difficult to design and fabricate end fixtures which achieve either of these
ideal conditions so that: 0.5 < kexp < 1.0. Thus, the "fixity" of the ends
must always be evaluated if the experimental results are to be compared with
analytical or design formulae such as Eq. 3-3, 3-6, and 3-11.

As previously mentioned, all specimens tested were held in place at each end
by three clip angles located 120 degrees around the circumference of the
member as shown in Figure 3-8. These angles provided full restraint against
end translation. The specimen ends were not attached in any other manner to
the tailstock and headstock platens so that there was no physical attachment
which would provide restraint against rotation.

The fixity of the ends, and thus the effective length factor, k., = L./L,
were evaluated for all specimens using the algorithm in the program, CURVE,
described in Appendix C. It should be noted that limits for k were set
between 0.32 and 2.00 in the program CURVE in order to exceed the range of
theoretical values for k. Thus, the theoretical Timits of k were not
automatically imposed on k.., in the CURVE algorithm.

Effective length factors (k. = L./L) are presented in Table 3-4 for the
eleven specimens which failed in a global buckling mode. Values are not
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reported for specimens which yielded locally prior to buckling since the
effective length is meaningless for members which fail in this mode.

The values found in Table 3-4 show that nine of the eleven specimens which
failed by global buckling had effective length factors equal to or very nearly
equal to 0.50. This indicates that nearly ideal fixed end conditions were
achieved with the end supports used for the full scale tests. Since the ends
were not physically restrained against rotation, one would expect the value
for k to be approximately 1.0 rather than 0.5. However, the rotation at the
ends of the specimens were closely monitored using dial indicators during all
full scale tests. It was determined that, prior to ultimate load, the ends of
all specimens remained in full contact with the headstock and tailstock
platens of the load frame. Thus, there was essentially no end rotation
between the member and the platens prior to buckling.

The fact that the member ends did not rotate away from the platens of the load
frame prior to buckling can be explained by considering the Tine of action of
the applied load. If the member is subjected to an eccentric compressive:
load, the resultant stress in the outer fibers of the member cannot be tensile
unless the load is applied outside the kern area of the cross-section. Thus,
the ends of the member cannot rotate away from the load frame platens if the
load is applied within the kern area. Shown in Table 3-16 are the computed
radius of the kern area and the maximum computed resultant eccentricity for
each specimen. Note, that with three exceptions, the maximum eccentricity
prior to peak load was less than the radius of the kern circle. Thus, the
ends of the specimens could not rotate off the platens prior to peak lToad, and
the specimens behaved as though there were fixed end conditions up to this
point. It should be noted that specimen 06 had eccentricities inside the kern
area at peak load and an effective length of 0.86. However, this specimen was
not shimmed, and as a result, the applied Toad may not have been uniformly
distributed over the ends of the specimen causing the ends to rotate.

3.13 Evaluation of Ultrasonic Measurements

For each specimen tested, 30 ultrasonic wall thickness measurements were taken
at locations corresponding to the strain gage locations. In Table 3-17, the
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average of the wall thickness measurements is listed for each specimen along
with the standard deviation, and coefficient of variation. Table 3-18
presents the ultrasonic wall thickness, full scale effective wall thickness
(see Appendix E), and a ratio of the full scale to ultrasonic wall
thicknesses. Shown in Figure 3-33 is a graph comparing the two methods used
to determine the wall thickness. Note the specimens are numbered for
identification purposes.

The values presented in Tables 3-17 and 3-18 indicate the difficulty in trying
to predict the type of speciﬁen in which the ultrasonic wall thickness is an
accurate measurement of the effective (full scale) wall thickness. It was
originally thought that there would be significant scatter and thus, a large
coefficient of variation, in the ultrasonic data for specimens with Tlocally
severe corrosion and pitting. Further, it was thought that these specimens
would have significantly different full scale and ultrasonic wall thickness
values. However, this was not the case. For instance, both specimens 09 and
10 had an effective full scale wall thickness that was 95% of the thickness as
determined by ultrasound. However, the ultrasonic wall thickness measurements
for specimen 09 had a coefficient of variation of 19.8% while those for
specimen 10 had a coefficient of variation of only 3.8%. As another example,
the ultrasonic thickness measurements of both specimens 08 and 09 had a
coefficient of variation of approximately 20%. However, the full scale
effective wall thickness of specimen 08 was only 76% of the ultrasonic wall
thickness while the effective wall thickness of specimen 09 was 95% of the
ultrasonic wall thickness.

Based on these observations, it was decided that the coefficient of variation
was not a good parameter to use in determining the type of specimen in which
ultrasonics provides an accurate measurement of the effective wall thickness.
The data presented in Table 3-17, Table 3-18, and Figure 3-33, further
jndicates there is no obvious relationship between the two wall thickness
determinations. With the amount of ultrasonic data taken during the test
program, it would be dubious at best to formulate a relationship between full

scale effective wall thickness and the wall thickness determined by ultrasonic
testing.
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The average and standard deviation for the full scale wall thickness to
ultrasonic wall thickness ratios presented in Table 3-18 are 0.93 and 0.076,
respectively. Based on the data from the twenty specimens tested in this
program, it appears that a lower bound full scale to ultrasonic wall thickness
ratio would be approximately 0.80. It should be noted that this lower bound
value is valid only if: 1) the members are approximately the same size as
those tested, 2) the members have similar types and magnitude of damage as
those tested, and 3) a minimum of 30 ultrasonic measurements are taken along
each member.

It should be further noted that regions of greatly reduced cross section were
not obvious by visual inspection and were not located until after the full
scale tests were completed and the local failure regions were evident. It is
likely that these areas would be even more difficult to detect under in-
service conditions. Sound engineering judgement and experience should be
exercised when evaluating any ultrasonic wall thickness data for damaged
tubular members.
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DISTANCE FROM

DAMAGE SUMMARY

Specimen No. 17

*DISTANCE FROM

END "B* CHALK LINE DESCRtPTION OF DAMAGE
AN VANV LEFT RIGHT AN N N O N O O . W W |
1. 4°-8 3/4" 3/4" circumferential butt weld
2. 19°-1" 2" 8" diameter dent (Round)
(center) (See additional pages for cross
sections)
The specimen {is curved. See additional bage for initial out-of-

straightness information.

*Looking from end "A* fowards end *B*

Figure 3-3



out-of-Straightness Measurements
for Specimen 17

The specimen was initially curved in the yz-plane and
straight in the xz-plane. The following measurements
are in the y-direction.

Distance Distance from out-of-
from stringline to straightness
End B top of pipe in y direction
(ft) (in) (in)
4] 3.875 0
1 4 -0.125
. 2 4.25 ~0.375
3 4.5 -0.625
4 4.7% -0.875
S 53 -1.12S5
6 5.1875 -1.3125
7 5.375 -1.5
8 5.5 -1.625
9 5.6875 -1.8125
10 $.875 -2
11 6.0625 -2.1875
12 6.25 -2.37
13 6.4375 - =2.562
fﬂﬁh 14 6.625 - : ~2.75
v v 15 6.75 -2.875
' 16 6.9375 -3.0625
17 7.125 -3.25 . t
18 7.375 ' . -3.5
Begin dent 18.583 7.625 -3.75
19 8.5 .=-4.625
Dent center 19.083 8.625 -4.75
End dent 19.5 v 7.625 -3.75
20 7.375 -3.5
21 6.875 - -3
22 6.5 T =2.625
23 6.25 -2.375
24 $.9375 -2.0625
25 5.625 -1.75
26 5.3125% -1.4375
27 4.9375 ~1,0625
28 4,625 -0.75
29 4.375 -0.5
30 4 -0.125
31 3.875 0

31.167 3.875 0

£h , | Figure 3-4



DENT CROSS SECTION

Specimen No. A7 _
Damage No. Z
Distance from End B _sz_‘é_”
Scale /“=3"

t‘=é.375”

Figure 3-5
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TEST FRAME

Figure 3-7



END CONDITIONS

Figure 3-8



STRAIN GAGE LOCATIONS ON LOAD FRAME

43
Strain Gages

(Typical)

\{ Specimen
- X

42
41

40

Figure 3-9
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TENSILE COUPON SPECIMEN

[
3“
— ) Ny 1720
—ei te— 0.500" * 0.010"
2 174
A
Sect A-A ? __] Sect B-B |
tzzzzz%: T 1 | o
S - N or
T ) Fza T
1) T to be -
determined by 1) T to bg by
2 e determinee
entire
length co?tains 8 ! __; entir? g“nlength
no corrosion: 3" contain
or pitting. I—— loose corrosion.
1
374"

Figure 3-12



0.

Leff/L

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP

Specimen 17

1.00
0.75+
52
A\ TN ~ /_/—/-/—/—
0.50 F
0.25+
0.00 : 4 t { : $ $ $ 4 $ §
0] 5 10 15 20 25 30 35 40 45 50 55 60 65
Load Step | |
LOAD AND DEFLECTION vs LOAD STEP
Specimen 17
200 0.040
+0.035
400+
+ 0.030
300 4 T 0.025
+ 0.020
200 ¢ 40.015
+0.010
100+ Legend 0.007
o ~— Load 10.005
W*,W_,.-_,.m-’*"" e DefI/Length
O ......%..--» sl : O OOO
0O 5 10 1520253035404550 5560 65

Load Step

Figure 3-13

Deflection/Length
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EXAMPLES OF OBSERVED FAILURE MODES

a) Global Buckling

b) Local Failure

Figure 3-25



EXAMPLES OF OBSERVED FAILURE MODES (cont.)

¢) Crack Opening

Figure 3-25 (cont.)
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SUMMARY OF WALL THICKNESS DETERMINATION

Ring Test uT Full Scale
Nominal Effective| Average Effective

Specimen Wall Wall Wall Wall

No Thickness| Thickness| Thickness Thickness
(in.) (in.) (in.) (in.)

01 0.375 NTV 0.313% 0.270
02 0.438 NT 0.394% 0.346
03 0.375 NT 0.312% 0.305
04 0.375 0.282 0.328 0.314
05 0.375 NT 0.322% 0.303
06 0.500 0.507 0.491 0.507
07 0.375 0.376 0.377 0.409
08 0.375 NT 0.315% 0.239
09 0.500 NT 0.378 0.358
10 0.500 0.384 0.446 0.425
11 0.375 NT 0.356 0.350
12 0.375 0.279 0.346 0.351

12 UT and

ring

retest 0.294 0.300
13 0.375 NT 0.352 0.323
14 0.375 NT 0.339" 0.295
16 0.375 NT 0.360 0.329
17 0.500 0.403 0.496 0.422
18 0.375 NT 0.327% 0.264
19 0.375 0.312 0.345% 0.338

Table 3-5




SUMMARY OF WALL THICKNESS DETERMINATION (cont.)

Ring Test uT Full Scale
Nominal Effective Average Effective
Specimen Wall Wall Wall Wall
No Thickness| Thickness| Thickness Thickness
(in.) (in.) (in.) (in.)
20 0.375 0.327 0.346 0.328
21 0.375 NT 0.290 0.275

1) NT - No test conducted.

2) t

]

eff

3) teff =

eff

5) e T

6) teff =

7) Ly =

8) Ly =

eff

0.265 in. in region of local yielding located 3
This effective wall

ft. 6 in.

thickness was determined using UT.

from end B.

0.284 in. in region of local yielding located 3
This effective wall

ft. 3 in.

thickness was determined using UT.

from end B.

0.247 in. in region of local yielding located 2
This effective wall

ft. 4 in.

thickness was determined using UT.

from end B.

0.307 in. in region of local yielding located 4
This effective wall

ft. 10 in.

from end B.
thickness was determined using UT.

0.262 in. in region of local yielding located

19 ft. 9 in.
thickness was determined using UT.

from end B.

This effective wall

0.219 in. in region of local yielding located 4
This effective wall

ft. 9 in.

thickness was determined using UT.

from end B.

0.261 in. in region of local yielding located 2
This effective wall

ft. 11 in.

from end B.
thickness was determined using UT.

0.279 in. in region of local yielding located

29 ft. 11

in. from end B.
thickness was determined using UT.

Table 3-5 (cont.)

This effective wall



SUMMARY OF SPECIMEN MATERIAL PROPERTIES

vield Strength®

Modulus of Ultimate

Specimen Elasticity Static Dynamic Strength

No (ksi) (ksi) (ksi) (ksi)
01 25,800 35.7 38.6 56.5
02 27,400 43.6 47.3 67.2
03 26,200 36.6 40.9 66.7
04 28,000 54.0 ' 57.0 68.5
05 26,300 35.9 38.9 59.5
06 28,300 ND? 36.5 64.4
07 29,200 ND 50.0 67.1
08 29,400 39.2 44.7 72.9
09 29,600 39.6 43.5 72.8
10 25,900 42.0 45.0 73.4
11 27,300 39.0 41.9 65.8
12 28,600 ND 60.0 78.0
13 30,000 53.7 56.7 70.7
14 29,300 36.0 39.6 74.0
16a>’ 29,000 49.1 51.6 77.3
16b 26,100 52.7 55.4 71.2
17 25,000 49.2 51.4 64.0
18 24,900 34.5 38.2 66.8
19 27,700 59.7 62.2 74.2

Table 3-6
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SUMMARY OF SPECIMEN MATERIAL PROPERTIES (cont.)
Yield Strength"
Modulus of Ultimate
Specimen Elasticity Static Dynamic | .Strength
No (ksi) (ksi) (ksi) (ksi)
20 28,000 57.4 60.0 70.9
21 25,900 52.2 55.2 68.3
1) Nominal yield strength is 35 ksi for all
specimens. '
2) ND - Not determined.
3) Two different material types in Specimen

No. 16.

Table 3-6 (cont.)
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OBSERVED SPECIMEN FAILURE MODES

Location of

Specimen Failure from Failure
No End B Mode
01 3'- o" l.ocal Failure
02 3'- 3% Local Failure'
03 2%= 4" - 'Local Failure
04 15'- 6 1/2" Global Buckling
05 4'— 10" Crack Opening?®
06 17t~ 6 1/2" Global Buckling
07 19— 1 172" Global Buckling™
08 19*'- ot Global Buckling
09 12'- 8" Global Buckling
10 16'- 6" Global Buckling
11 14'- 5 1/2" Global Buckling
12 14'- 5 1/2" Global Buckling®
13 g'- 3¢ Global Buckling”
14 41— 9n Local Failure®
16 13'- 1% Global Buckling
17 19'- 1 Global Bucklingn
18 . 2'- 11" Local Failure
19 29'- 11" Local Failure

Table 3-8




OBSERVED SPECIMEN FAILURE MODES (cont.)

Location of
Specimen Failure fron Failure
No End B Mode
20 18'- 1" Global Buckling
21 19'- 8" crack Opening®

1) Local failure in region of circumferential
weld.

2) Failure at thru-thickness crack in a
longitudinal welded seam 24 inches from end B.
Crack began to open but not propagate prior
to ultimate load.

Failure initiated in dented region. A
longitudinal split formed near the dented region
after ultimate load.

4) Failure initiated in region with large dent
and hole. Other large holes did not have a
significat role in failure. ‘

5) Specimen failed at location of deepest-dent and
maximum initial out-of-straightness.

6) Local failure initiated in a region which had
experienced a high degree of observable local
corrosion.

7) Specimen failed at location of dent and
maximum initial out-of-straightness.

8) Failure occurred due to the opening of a
thru-thickness crack at the welded
longitudinal seam. Crack propagation was
arrested by girth weld near end A.

Table 3-8 (cont.)
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SPECIMEN SLENDERNESS RATIOS AND PARAMETERS

Spelc\:lémen C, (kL/r)mm (kL/r) off  nom Aetf
01 127.71 18.87 18.76 0.21 | 0.21
02 115.57 21.38 21.27 0.26 | 0.26
03 126.13 23.30 | 23.21 0.26 | 0.26
04 103.84 47.61 47.38 0.65 | 0.65
05 127.36 17.83 17.76 0.20 | 0.20
06 126.31 59.11 59.13 0.66 | 0.66
07 107.92 54.09 54.23 0.71 | 0.71
08 121.88 43.53 42.98 0.51 | 0.50
09 121.26 29.90 29.60 0.35 | 0.35

fﬂ? f 10 117.75 41.28 41.06 0.50 | 0.49
11 122.19 47.34 47.23 0.55 | 0.55
12 98.51 54.12 54.01 0.78 | 0.78
13 104.13 35.72 35.58 0.49 | 0.48
14 127.18 22.96 22.82 0.26 | 0.25
16 108.90 48.90 48.72 0.64 | 0.63
17 108.79 44.87 44.60 0.58 | 0.58
18 129.92 27.92 27.63 0.30 | 0.30
19 98.76 40.47 40.37 0.58 | 0.58
20 100.72 47.52 47.35 0.67 | 0.66
21 105.62 24.25 24.10 0.32 | 0.32

) Table 3-10



ULTIMATE CAPACITY OF SPECIMENS USING

NOMINAL WALL THICKNESSY

Pmeas Pyld Pan Pan Pan
Specimen F A arsc? cox® csa®
No (kips) {kips) (kips) (kips) (kips)
01 424 741 733 756 741
02 601 1054 1036 1068 1050
03 436 760 747 770 758
04 410 787 705 731 720
05 465 745 738 761 745
06 1043 1118 996 1034 1017
07 548 729 637 663 650
08 263 479 449 464 459
09 558 840 814 840 830
10 692 891 836 865 855
11 374 477 441 457 451
12 299 875 743 774 755
13 187 783 737 762 754
14 198 525 516 532 523
16 218 716 644 668 658
17 420 947 866 898 886
18 262 422 412 425 419
Table 3-11




ULTIMATE CAPACITY OF SPECIMENS USING

NOMINAL WALL THICKNESS" (cont.)

P P P P p
meas yld an an an
Specimen F A AISC? cox® csa®
No (kips) (kips) (kips) (kips) (kips)
19 614 1099 1007 1043 1030
20 550 837 744 773 760
21 549 961 936 965 952

1) The nominal specimen wall thickness was
used in all calculations for predicted
ultimate capacity.

2) Ultimate capacity based on the AISC - ASD
(*% column equation, 9th Edition, 1989.

3) Ultimate capacity based the mean value
column strength curve presented by Cox,
1987.

4) Ultimate capacity based on CSA Steel
Structures for Buildings - Limit States
Design column equation as presented in
Prion, 1987.

Table 3-11 (cont.)



RATIO OF MEASURED TO PREDICTED ULTIMATE

LOADS USING NOMINAL WALL THICKNESSY

specinen | T Pne | Pous/Pen | Powss/Pon | Poses/ o
No AIsc? cox> csa®
01 0.57 0.58 0.56 0.57
02 0.57 0.58 0.56 0.57
03 0.57 0.58 0.57 0.58
04 0.52 0.58 '0.56 0.57
05 0.62 0.63 0.61 0.62
06 0.93 1.05 1.01 1.03
07 0.75 0.86 0.83 0.84
08 0.55 0.59 0.57 0.57
fﬁﬁ,‘ 09 0.66 0.69 0.66 0.67
10 0.78 0.83 0.80 0.81
11 0.78 0.85 0.82 . 0.83
12 0.34 0.40 0.39 0.40
13 ' 0.24 0.25 0.25 " 0.25
14 0.38 0.38 0.37 0.38
16 0.30 0.34 0.33 0.33
17 0.44 0.49 0.47 0.47
18 0.62 0.64 0.62 0.63
Table 3-12



RATIO OF MEASURED TO PREDICTED ULTIMATE

LOADS USING NOMINAL WALL THICKNESS' (cont.)

. Pmeas/ Pyld Pmeas/ Pan Pmeas/ Pan Pmeas/ Pan
Specimen
No arsc? cox™ csa®
19 0.56 0.61 0.59 0.60
20 0.66 0.74 0.71 0.72
21 0.57 0.59 0.57 0.58
1) The nominal specimen wall thickness was

2)

3)

4)

used in all calculations for predicted
ultimate capacity.

Ultimate capacity based on the AISC - ASD
column equation, 9th Edition, 1989.

Ultimate capacity based the mean value
column strength curve presented by Cox,
1987.

Ultimate capacity based on CSA Steel
Structures for Buildings - Limit States
Design column equation as presented in
Prion, 1987.

Table 3-12 (cont.)




ULTIMATE CAPACITY OF SPECIMENS USING

EFFECTIVE WALL THICKNESS"

meas Pyl.d Pan Pan Pan
Specimen F A ATSC? cox> csa®
No (kips) (kips) (kips) (kips) (kips)
01 424 537 531 547 537
02 601 837 823 848 834
03 436 621 610 629 619
04 410 662 594 616 607
05 465 605 599 617 605
06 1043 1133 1009 1048 1031
07 548 793 693 721 707
08 263 309 290 300 297
09 558 608 589 608 601
10 692 761 715’ 740 731
11 374 446 413 427 422
12 299 820 697 727 709
13 187 677 638 660 652
14 198 416 409 422 414
16 218 630 567 589 580
17 420 804 737 763 754
18 262 300 293 303 298
Table 3-13
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ULTIMATE CAPACITY OF SPECIMENS USING

EFFECTIVE WALL THICKNESS" (cont.)

P P P P P
meas yld an an an
Specimen FA AIsc? cox® csa®
No (kips) (kips) (kips) (kips) (kips)
19 614 993 910 943 931
20 550 735 654 679 668
21 549 709 691 713 703

Notes: 1) The effective specimen wall thickness as
determined from the full-scale test data
was used in all calculations for predicted
ultimate capacity.

', ‘ 2) Ultimate capacity based on the AISC -~ ASD
£ D column equation, 9th Edition, 1989.

3) Ultimate capacity based the mean value
colunn strength curve presented by Cox,
1987.

4) Ultimate capacity based on CSA Steel
Structures for Buildings - Limit States
Design column equation as presented in
Prion, 1987.

Table 3-13 (cont.)



RATIO OF MEASURED TO PREDICTED ULTIMATE LOADS

USING EFFECTIVE WALL THICKNESSY

speoinen | e/ Pris | Fouss/Fon | Fouss/Pan | Focas/ P
No arsc? cox>’ csa®
01 0.79 0.80 0.78 0.79
02 0.72 0.73 0.71 0.72
03 0.70 0.71 0.69 0.70
04 0.62 0.69 0.67 0.68
05 0.77 0.78 0.75 0.77
06 0.92 1.03 1.00 1.01
07 0.69 0.79 0.76 0.78
08 0.85 0.91 0.88 0.89
09 0.92 0.95 0.92 0.93
10 0.91 0.97 0.94 0.95
11 0.84 0.91 0.88 0.89
12 0.36 0.43 0.41 0.42
13 0.28 0.29 0.28 0.29
14 0.48 0.48 0.47 0.48
16 0.35 0.38 0.37 0.38
17 0.52 0.57 0.55 0.56
18 0.87 0.89 0.86 0.88

Table 3-14




A | ~ RATIO OF MEASURED TO PREDICTED ULTIMATE LOADS

USING EFFECTIVE WALL THICKNESS" (cont.)

Specimen meas/ Pytd Pmeas/ Pan Pmeas/ Pan Pmeas/ Pan
No ATSC® cox> csa®
i9 0.62 0.67 0.65 0.66
20 0.75 0.84 0.81 0.82
21 0.77 0.79 0.77 . 0.78

Notes: 1) The effective specimen wall thickness as
determined from the full-scale test data
was used in all calculations for predicted
ultimate capacity.

2) Ultimate capacity based on the AISC - ASD
column equation, 9th Edition, 1989.

4 } 3) Ultimate capacity based the mean value
' column strength curve presented by Cox,
1987.

4) Ultimate capacity based on CSA Steel
Structures for Buildings - Limit States
Design column equation as presented in
Prion, 1987.

fﬁ»? Table 3-14 (cont.)
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RADIUS OF KERN CIRCLE AND ECCENTRICITIES

Radius
Effective of
outside Wall Kern e ¥ e ©
Specimen | Diameter Thickness" | circle® P -
No (in.) (in.) (in.) (in.) | (in.)
01l .18.00 0.270 4.37 0.17 1.16
02 18.00 0.346 4.33 0.32 0.62
03 18.00 0.305 4.35 2.14 0.54
04 12.75 0.314 3.03 1.02 2.18
05 18.00 0.303 4.35 1.7 | 1.32
06 20.00 0.507 4.75 0.10 2.13
07 12.75 0.409 2.99 1.28 1.39
08 10.75 0.239 2.57 3.75 1.03
09 14.00 0.358 3.33 0.46 0.46
10 14.00 0.425 3.29 0.22 0.53
11 10.75 0.350 2.52 0.28 | 0.51
12 12.75 0.351 3.02 2.38 1.61
13 12.75 0.323 3.03 0.90 2.68
14 12.75 0.295 3.04 0.28 1.21
16 12.75 0.329 3.03 0.68 4.00
17 12.75 0.422 2.98 1.00 3.51
18 10.75 0.264 2.56 1.78 1.18
Table 3-16




RADIUS OF KERN CIRCLE AND ECCENTRICITIES (cont.)

Radius
Effective of
outside Wall Kern ewf) emf)
Specimen | Diameter Thickness" | circle?
No (in.) (in.) {in.) (in.) | (in.)
19 16.00 0.338 3.83 0.17 0.64
20 12.75 0.328 3.03 0.35 1.28
21 16.00 0.275 3.86 0.72 0.75

1) Based on reduced data of full scale compression
tests.

2) Radius of kern circle = e
e = ( OD® -~ 2%0OD*t + 2%t® )/ (4%OD)

where: OD = outside diameter
t = wall thickness

¢ : 3) Largest resultant eccentricity, computed from
inflection points, that occurred prior to the
maximum load.

4) Largest resultant eccentricity, computed from

end moments, that occurred prior to the
maximum load.

Table 3-16 (cont.)



g ! EVALUATION OF ULTRASONIC DATA

Standard Coefficient
Specimen | Average' Deviation of
No (in) (in) Variation, (%)
01 0.313 0.0469 15.0
02 0.394 0.0306 | 7.8
03 0.312 0.0213 6.8
04 0.328 0.0233 7.1
05 0.322 0.0226 7.0
06 0.491 0.0168 3.4
07 0.377 0.0146 3.9
08 0.315 0.0643 20.4
09 0.378 0.0748 19.8
10 0.446 0.0171 3.8
11 0.356 6.0106 3.0
12 0.346 0.0461 13.3
13 0.352 0.0210 6.0
14 0.339 0.0646 19.1
16 0.360 0.0758 21.1
17 0.496 0.0056 1.1
18 10.327 0.0439 13.4
19 0.345 0.0407 11.8
20 0.346 0.0152 4.4
21 0.290 0.0255 8.8

Note: 1) Average of 30 ultrasonic wall thickness
measurements.

Table 3-17



COMPARISON OF WALL THICKNESS MEASUREMENTS

Ultrasonic Full Scale Full Scale
Wall Wall
Specimen Thickness Thickness Ultrasonic

No (in) (in)
ol 0.313 0.270 0.86
02 0.394 0.346 0.88
03 0.312 0.305 0.98
04 0.328 0.314 0.96
05 0.322 0.303 0.94
06 0.491 0.507 1.03
07 0.377 0.409 1.08
08 0.315 0.239 0.76
09 0.378 0.358 0.95
10 0.446 0.425 0.95
11 0.356 0.350 0.98
12 0.346 0.351 1.01
13 0.352 0.323 0.92
14 0.339 0.295 0.87
16 0.360 0.329 0.91
17 0.496 0.422 0.85
18 0.327 0.264 0.81
19 0.345 0.338 0.98
20 0.346 0.328 0.95
21 0.290 0.275 0.95

Table 3-18




4.0 ANALYSIS

The goal of this phase of the study was to develop a method of analyzing
damaged braces and to determine what differences exist between the predictions
of damaged member capacity and the test results. The twenty members were
analytically modelled and studied using finite element analysis methods. The

modelling techniques were based on phenomenological models found in the liter-
ature.

4.1 Procedure

After a review of relevant literature, two basic methods were deemed suitable
for estimating member axial load behavior for this project. The first was a
simplified method to give a quick estimate of the peak axial capacity of a
damaged member. It took the form of a PC Fortran 77 program called DAMAGE
(documented in Section 4.2). The second, a beam-column finite element analy-
sis, involved a complete computer model of the member (including damage and
end conditions) to predict the complete cycle of behavior from the beginning
of loading up to and beyond the point of buckling.

Two major problems were evident in the use of the beam-column finite element
method. The first was determining the modelling characteristics of the dam-
aged sections. The second was defining the end conditions to adequately mimic
the actual testing facilities. The former was solved by investigating
relevant literature and formulating a method (which became the PC Fortran 77
program, EQUIV) to determine the reduction in capacity of a cross section
which has been damaged by a dent or a hole. It is documented in the following
section on software. The latter was solved by a modelling scheme which seeks

to apply the load to the specimen in much the same way as in the actual test
and is described below.

During the early stages of the hfoject, the specimens were modelled with
either fixed or pinned ends. It soon became apparent that this method did not
adequately model the end conditions which existed during the physical tests.
As the members buckled in the testing apparatus their ends tended to 1ift off

4-1



the headstock and tailstock creating an eccentric end load. Also, the simpli-
fied end conditions used in the models did not allow any adjustment to be made
for an effective length factor.

These problems led to the development of the "spoke" model (Figure 4-1).
Imagine the specimen as the axle of a wagon. At each end, eight members
(modelled as practically rigid) radiate from the "axle" much like the spokes
of a wagon wheel. Each spoke is the length of the member’s radius so
together they recreate the ends of the member in size and shape. The outer
ends of the spokes (those not connected to the member) are connected to
springs which are modelled to carry load only in compression. Initially they
are all in compression, but as the member buckles and‘the ends rotate some of
the springs go into tension and the Toad shifts to those springs still in
compression. With this model the "Tift off" seen in the tests can be recre-
ated and with it, the eccentric load.

The compressive stiffness of the springs was set at 5000 kips/in. for all the
specimens analyzed. This was chosen so the possibility of the springs yield-
ing would be remote. Tests were performed with other spring stiffnesses (both
greater and less than 5000 kips/in.) and Figure 4-2 shows the results. The
analyses were, for all practical purposes, identical for the three different
stiffnesses used and the original 5000 kips/in. stiffness was used throughout
the study.

Accurate modelling of the load eccentricity wasn’t the only reason for adopt-
ing this "spoke-ended" scheme. Because the end conditions are explicitly
modelled in this manner, the k-factor need not be input directly for each
member. The end stiffness is accounted for automatically as the eccentric
load and the member rotation interact during the analysis.

The model for each specimen was made up of a series of beam-column elements
representing the damaged (containing dents or holes) and undamaged (no dents
or holes) sections of the member. An example of which can be seen in Figure
4-3. The following is a description of the modelling routine:
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The member description was taken from Texas A8M. Meaningful factors
were member length, 0D, thickness, yield stress and Young’s modulus.
(The effective wall thickness calculated from the full scale test
was used in the models and in the data reduction. It was felt that
this was a better measure of the specimen’s actual thickness than
the average value of a series of ultrasound measurements taken on
each specimen. When compared, the two measures are actually quite
close (on average only a 7% difference) as shown in Figure 4-4).
Damage, in the form of dents, holes or out-of-straightness, was
taken from the Texas A&M report.

If dents or holes were present, separate elements were designed for
each damage state using EQUIV. The Tlength ﬁsed for each was either
that measured by Texas A&M or that calculated by the EQUIV program
whichever was longer. These damaged elements were placed in the
position described in the damage report and the undamaged portions
around them (with characteristics defined by EQUIV) were split up
into elements as was convenient. If there were no dents or holes
present, the member was divided into ten elements of equal length,
each with the same characteristics as determined by the EQUIV pro-
gram.

The characteristics of the damaged and undamaged elements were then
put into the model. The end spokes and their springs were added.
If out-of-straightness was present, it was explicitly modelled by
positioning the nodes in their deformed position.

With the model then complete, the analysis consisted of a series of
load steps applied axially to one end of the member. The load was
applied until an axial deformation of about four inches was reached.
For members with dents, holes or out-of-straightness, two models
were analyzed, one con%aining all of the damage and one containing
only corrosion damage (the effects of which were accounted for by
using the effective wall thickness), if any, for comparison.
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Kﬂmh A1l of the specimens were analyzed using this same basic scheme with the

v following exceptions:

1. Specimens with no damage (i.e. no dents, holes or out-of-
straightness) had small amounts (about 0.4" maximum at the center of
the beam) of symmetric out-of-straightness introduced to the model
to induce buckling. Mathematically, no buckling will occur to a
member which is perfectly straight and has a perfectly axial load.

2. Specimens with only one damaged section near the end of the member
were rotated axially so that the eccentricity of the damage was
oriented along either the y- or z-axis. The members were allowed to
displace laterally only in that direction. This produced a more
stable solution.

3. Specimen 16 was comprised of two sections with different wall thick-
nesses connected by a 24 inch sleeve. Instead of using the effec-
P tive wall thickness as determined by Texas A&M the nominal wall
P  thickness for each section was used to differentiate between them.
However, in the calculation of D/t and other factors for the data
reduction the effective wall thickness was used for specimen 16 as
it was for the other specimens.

4. It should be noted that specimens 19 and 21 had a Tongitudinal
cracks which were not considered in the analysis. There was no
methodology developed to account for damage of this type. The fail-
ure of specimen 19 was independent of the crack (it experienced
local yielding in an uncracked section) while specimen 21 failed as
the cracked expanded during the test.
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4.2 Software Documentation

Two PC Fortran 77 programs were written in support of this project. The
first, DAMAGE, was a formulation of research on the effect of a damaged cross
section on the peak axial capacity of a tubular member. It was used as the
simplified method of analysis mentioned earlier. The second, EQUIV, computes
the capacity characteristics of a section (with or without damage) for use in
the beam-column finite element analysis. Both are documented in this section.
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DAMAGE Program

The DAMAGE program is an interactive PC Fortran 77 computer program written by
PMB Engineering, Inc. The program is based on work by C.P. Ellinas (3) and
was developed for use in assessing the reduction in capacity of damaged braces
being tested as part this study. Reference (3) addresses dents and out-of-
straightness and also provides a method for considering these damage types in
a combined damage state. The equations have been extended by PMB for
predicting the reduced capacity of braces with holes or holes in combination
with out-of-straightness. The original formulation has no explicit reference
to a k-factor. The current version of DAMAGE has been modified to allow the
user to input k.

The equations presented in Reference (3) were developed assuming:

1. Stresses resulting from a small axial load are resisted in the
dented zone mainly as bending stress which leads to the rapid forma-
tion of a plastic hinge.

2. Once the dent zone plastification stress Tevel is reached, the
damaged part of the tubular cross-section carries no additional
load.

3. The bending stiffness of the tubular is mainly controlled by the
undamaged cross-sectional area.

4. The properties at the damaged cross-section are assumed for the
member along its entire length.

Reference (3) addresses three types of brace damage: out-of-straightness,
dents, and a combination of a dent and out-of-straightness. For members with
no specified out-of-straightnesé, an imperfection parameter a is defined
which includes a tolerance limit lateral displacement. Another equation for
a is proposed when the bending deformation exceeds the tolerance limit dis-
placement of 1.5 percent of the member length. Thus some imperfection is

4-6



always included accounting for construction tolerances, residual stresses,
etc. If the bending damage exceeds the default tolerance limit, the tolerance
limit is ignored in favor of the larger deformation.

For braces having dents, the method assumes the member carries the entire
axial load as uniform stress until the stress level reaches the plastification
stress. At this load level further load is assumed to be resisted by uniform
compression and bending stress over the undamaged area of the damaged cross-
section. The line of action of the additional axial load is assumed to act
through the neutral axis of the undamaged portion of the cross-section. The
axial load times its eccentricity ( e = lateral displacement + damaged brace
eccentricity ) is resisted by the damaged cross—sectipn moment capacity.

The DAMAGE program equation for the imperfection parameter o does not differ-
entiate in the calculation of o based on a tolerance limit value of the lat-
eral displacement. Rather, unless a specific value of lateral displacement is
input, the lateral displacement is assumed to be zero. The imperfection
parameter adopted for use in the program is:

a=1.4148,-0.000954 +0.875

where 6, is the lateral displacement divided by the brace length. This equa-

tion is different than that shown in Reference (3). Reference (4) was con-
sulted to determine the sign of the second term in the equation. The current

‘version of the program has been benchmarked against some documented results to

verify the signs in the a equation.

The original version of the program was enhanced for estimating the reduction
in capacity due to holes. In this case a dent depth is defined internally
which encompasses the same arc length as the specified hole diameter. The
plastification stress is then set equal to zero. All other calculations are
performed as for dents.
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The basic equation for the axial capacity includes a term involving the imper-
fection parameter a. When out-of-straightness is not specified, a is small.
If residual bending deformations are present, the imperfection parameter
includes this damage via the 8, term. In this manner the combined effect of
out-of-straightness and a hole or dent can be evaluated.

The following is a brief description of the input/output from the program.

REQUIRED INPUT:

Qutside diameter
Wall thickness

Brace length
k-factor

Yield stress

Young’s modulus

Dent depth

Hole diameter
Lateral displacement

OUTPUT:

Dent/hole angle = 210 - angle (radians) of damaged

' portion of the cross-section

Axial eccentricity = distance between undamaged section center
‘and neutral axis of damaged section

"

Reduced radius of gyration radius of gyration of damaged section
section modulus of damaged section of

brace

Reduced section modulus

1]

Plastification stress (Ps)

i

maximum stress which can be sustained

. by the dented portion of the cross-section
(PsAq + FyAyd)/A .
1.4146,-0.000954 + 0.875—3

Average squash stress

Imperfection parameter
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Slenderness ratio

Undamaged slenderness

ratio
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PROGRAM DAMAGE
Crihhkhhkhkhhhhhhhdkhkrhkhhhkhkhkhhhhhhhhrhhhhhhhhhhrhhkhhhhkhkhkhkkkhkhkkhhhhkhhhhhik

C WRITTEN BY R.FIGGERS FOR JIP
C

£ h c PROGRAM TO CALCULATE THE AXIAL CAPACITY OF DAMAGED MEMBERS

“ Chkkdhkhhhhhhkhkhhhhhhkkhhhhhhhhhhhhhhhhhkhhhhdhkhdhhhhhhhhhhkdkhhkkdkhhhhhokkkx
C

CHARACTER*60 TITLE,FILOT
WRITE (*,10)
WRITE(*'*)’ fhkhkkhkkhkhkhkhkhhhhhkhhhkhkkhkkkhkrhhhdhkhhkhkdhhkhkhhkkhhkhkhhhhkk/

WRITE(*,%) ' * PROGRAM DAMAGE * !
WRITE (*, %)’ * *7
WRITE(*,*)’ * Program to estimate the axial capacity of *7
WRITE(*,*)’ * dented members with or without residual * !
WRITE(*,*)’ * bending deformations. Axial capacities of * 7
WRITE(*,*)’ * members with holes may also be estimated. * 7
WRITE (*,*)’ * * 7
WRITE(*,*)’ * Ref: "Ultimate Strength of Damaged Tubular */
WRITE(*,*)’ * Bracing Members", C.P. Ellinas, * 7
WRITE(*, %)’ * ASCE, J.Structural Division 110, * !
WRITE(*,*)/ * Feb 1984. . * 7
WRITE (*,*)’ * * 7
WRITE(*,*)’ * Written by R Figgers 10/25/88 *
WRITE(*,*)’ * Modified by R Figgers for all * 7
WRITE (%, %)’ * values of k 1/16/89  *!
WRITE(*,*)’ * Modified by R Figgers - Alpha 0 * ¢
WRITE(*,*) " * calculation revised 2/02/89 */
WRITE(*,*)’ hkhkhkhkhkhhhhkhkhkhkhkhhkhkhhhhkkhhkhhhhhhhhkhdhkhkhkhkkkhhhhkdthrk/

C

) NT2=2
S ¥ WRITE(*,2)
' 2 FORMAT(/,’ ENTER OUTPUT FILE NAME:')

READ(*,  (A) /) FILOT
OPEN (NT2, FILE=FILOT,STATUS='NEW’)

C
WRITE(NTZ’*)' kkhkhhkhkhkhkhkkhkhkdkhhkhdhhhkhkhhhrhkhhkhhhhhkkhhhhhkhdkx/
WRITE (NT2,*) * * !
WRITE (NT2, *) * * Program DAMAGE * 7
WRITE (NT2, %)’ * *
WRITE(NTZ,*)’ khkdkkhkhhkhhkhkhhkhkhkhkhhhkdhhhkhhhkhhhkhhkhhkhkkhkhhhkhkhkdkhkkhkk/

C
WRITE (*,890)

890  FORMAT(//,’ TITLE:’,$)
READ(*,’ (A) /) TITLE
WRITE (NT2,891) TITLE

891  FORMAT(//,’ TITLE: ’,A)
WRITE (*,900)
READ(*,’ (F10.0)/)D
WRITE (NT2,901)D

901  FORMAT(/, ‘ 1INPUT:’,//;

. ’ OUTSIDE DIAMETER (in) = ’,F7.3)

DO = D

WRITE (*,910)

READ(*,’ (F10.0)’)T

WRITE(NT2,911)T
£y 911 FORMAT ( ’ THICKNESS (in) = ’,F7.3)
: 5 D=D-T

‘WRITE(*,950)

READ(*, ’ (F10.0) /) XL
WRITE (NT2,951) XL



951 FORMAT( / LENGTH (ft) *,F7.3)

: XL=XL*12.
WRITE(*,962)
READ(*,’ (F10.0) /) XK
IF(XK.EQ.0.0)XK=1.0
WRITE (NT2,963) XK

963 FORMAT( '  EFF. LENGTH FACTOR
WRITE(*,930)
READ(*,’ (F10.0) /) FY
IF(FY.EQ.0.0)FY=36.
WRITE (NT2,931)FY

931 FORMAT(/, ’ YIELD STRESS (ksi) = *,F7.2)
WRITE (*,940)
READ(*,’ (F10.0)*)E
IF(E.EQ.0.0)E=29000.
WRITE (NT2,941)E

941 FORMAT( ‘  YOUNGS MODULUS (ksi) = /,F7.1)
WRITE (*,920)
READ(*,’ (F10.0) *) DD
WRITE (NT2,921)DD

921 FORMAT(/, ’ DENT DEPTH (in) = ¢,F7.3)
WRITE (*,972)
READ(*,’ (F10.0) /)HOLE

7 ,F7.2)

WRITE (NT2,973)HOLE

WRITE (*,960)

READ(*, / (F10.0) /) DELL

WRITE (NT2,961)DELL
961 FORMAT( ‘ LAT. DISPL. (in) = 7 ,F7.2)
973 FORMAT( ‘  HOLE DIAMETER (in) = ¢,F7.3)
10 FORMAT(////)

': 900 FORMAT(/,’ MEMBER DIAMETER (in) = 7,3)
910 FORMAT( ‘ MEMBER THICKNESS (in) = 7,9)
920 FORMAT(/,’ DENT DEPTH (in) = 7,$)
930 FORMAT(/,’ YIELD STRESS (def=36 ksi) = ’,3%)
940 FORMAT( ‘ YOUNGS MODULUS (def=29000 ksi) = ’,$)
950 FORMAT( ,’ MEMBER LENGTH (ft) = 1,9)
960 FORMAT( / LATERAL DISPLACEMENT (in) = ,3)
962 FORMAT( ' k FACTOR ( def=1.0 ) = 1,9)
972 FORMAT( ‘ HOLE DIAMETER (in) = 7,%)
c
c CALCULATE REQUIRED PARAMETERS
c
c DEFORMATION TO LENGTH RATIO

DELO = DELL/XL
o
c AREA
C .
PI = 4.0%ATAN(1.0)
AREA = PI*D*T
WRITE(*,2000) AREA
WRITE (NT2,2000)AREA
c
c DENT ANGLE
o

DELD = DD/D

THETA = 2.*PI-2.*ASIN(2.*SQRT (DELD*(1.-DELD)))
IF(DELD.LT.0.2) THETA = 2.%*PI-4.%*SQRT (DELD)

IF (HOLE.NE.O0.0) THETA=2.*PI-2.*ASIN (HOLE/D)
WRITE (*,2100) THETA



WRITE (NT2,2100) THETA

REDUCED CROSS-SECTIONAL AREA

OO0

AD = .S5*D*T*THETA

ECCENTRICITY

oo NP

ED = D*SIN(THETA/2.)/THETA
WRITE(*,2300)ED
WRITE (NT2,2300)ED

REDUCED RADIUS OF GYRATION

oo NQ!

RID = D/2.*SQRT(.5%(1.+SIN(THETA)/THETA-8.% (SIN(THETA/2.))**2

. /THETA*%2))
IF (HOLE.EQ.0.0)GO TO 46
XT = .125%D**3*T* (THETA/2.+.5*SIN(THETA) ) -ED*D**2*T*SIN(THETA/2.)
. +D*T*ED**2*THETA/2 .
RID=SQRT (XI/AD)

46 CONTINUE
WRITE (*,2200)RID
WRITE (NT2,2200)RID

REDUCED ELASTIC SECTION MODULUS

a0

UP = THETA+SIN(THETA)-8.%* (SIN(THETA/2.))**2/THETA
DOWN = 1.=-2.*DELD+2.*ED/D
7D = .125%D**2%T* (UP/DOWN)
IF (HOLE.EQ.0.0)GO TO 63
YBAR1=D/2.-ED
YBAR2=ED-D/2.*COS (THETA/2. )
YBAR=MAX (YBAR1, YBAR2)
ZD=XI/YBAR

63 CONTINUE
WRITE (*,2500)ZD
WRITE (NT2,2500)ZD

SIGMA PD

oNoNe!

SPD = FY*D/T* (SQRT(16.*DELD%**2/9.+(T/D)**2)-4./3.*DELD)
IF (HOLE.NE.0.0)SPD=0.0

WRITE (*,2600)SPD

WRITE (NT2,2600)SPD

AVERAGE SQUASH LOAD

o000

SL = (FY-SPD)*AD/AREA + SPD
WRITE (*,2700)SL
WRITE (NT2,2700)SL

ALPHA O

[oNPNe]

ALPHAO = 1.4142%DELO - .000954 + 0.875*FY/E
IF (ALPHAO.LT.0.0) ALPHAO=0.

WRITE (*,2800) ALPHAO

WRITE (NT2,2800)ALPHAO

SLENDERNESS

nao



N NQ!

oNeN®]

2980

982
2000

2100
2200
2300
2500
2600
2700
2800
2900
2910
970

993

994

AMBD = XK*(XL/RID - 0.2%PI*SQRT(E/FY))
WRITE (*,2900) AMBD
WRITE (NT2,2900) AMBD

EULER BUCKLING STRESS

XI = PI*(DO**4—-(D0-2.%T)**4)/64.
RI = SQRT(XI/AREA)
SXKE = PI*%*2*E+RI*%2/ (XL*XK) **2
WRITE (*,2910) SXKE
WRITE (NT2,2910) SXKE
DAMAGED MEMBER ULTIMATE STRENGTH
B = -(1.+ALPHAO*AMBD+AD*ED/ZD+SL/SXKE)
A = 1./SXKE

C = SL+SPD*AD*ED/ZD
SDCE1 = (~B+SQRT (B**2-4.*A*C))/(2.%*A)
SDCE2 = (-B-SQRT(B¥*2-4.%A%C))/(2.%A3)

WRITE (*,970)SDCE1,SDCE2
WRITE (NT2,970)SDCE1,SDCE2

IF (SDCE1.GT.FY)SDCE1=0.0
IF(SDCE2.GT.FY)SDCE2=0.0
IF(SDCE1.LT.0.0)SDCE1=0.0
IF(SDCE2.LT.0.0)SDCE2=0.0

AXCAP=SDCE2

TF (SDCE1.LT.SDCE2)AXCAP=SDCEL

IF (AXCAP.GT.FY)AXCAP=FY
SLEND=XK*XL*SQRT (FY/E) /RI/PI
SRAT=AXCAP/FY

WRITE (*,980)AXCAP, SRAT

WRITE (NT2,980) AXCAP, SRAT

WRITE (*,982)SLEND

WRITE (NT2,982) SLEND

WRITE (NT2,993)

WRITE (NT2,994)

WRITE (NT2,995)

FORMAT (/,’  DAMAGED MEMBER AXIAL CAPACITY (ksi)
. s  DAMAGED/UNDAMAGED STRESS RATIO
FORMAT( ‘  UNDAMAGED SLENDERNESS RATIO
FORMAT(//,' RESULTS:’,//,

!  CROSS-SECTIONAL AREA (sq.in)

FORMAT( ‘  DENT/HOLE ANGLE (rad)

FORMAT( '  REDUCED RAD. OF GYRATION (cu.in)
FORMAT( ‘  AXTIAL ECCENTRICITY (in)

FORMAT( ‘  REDUCED ELAS. SECTION MOD. (cu.in)
FORMAT( ‘  PLASTIFICATION STRESS (ksi)-
FORMAT( ‘ AVG. SQUASH STRESS (ksi)

FORMAT( ‘  IMPERFECTION PARAMETER

FORMAT( ‘  SLENDERNESS RATIO

FORMAT( ‘  EULER BUCKLING STRESS (ksi)

FORMAT ( ’ SOLUTION ROOTS (SDCEl,SDCE2) (ksi)
FORMAT(////.' Notes:’,/,
. ’ (1) Hole diameter and dent depth
.d w/r the’,/,

’ tubular mid-wall diameter.’)

r,F10.3,/,
’ ,F10.5)
/ ,F10.5)

o

= 7,F10.2)
’ ,F10.5)
/,F10.3)
* ,F10.4)
/,F10.3)
/,F10.3)
/,F10.3)
/,F10.5)
’,F10.5)
/ ,F10.4)
/,2F10.3)

| T 1 (A T

should be measure

FORMAT( ' (2) For dented members it is assumed that the maxi

.munm stress’,/,



’

.

.plastification’,/,
L4

.hole damage.’)
ﬂ .ge.’)
995  FORMAT( ‘ (3)
.ely. Either’,/,
14
.mage.’)
STOP
END

the dented region can sustain is equal to the

stress. This stress is set equal to zero for

Dent and hole damage must be evaluated separat

can be assessed in conjunction with bending da



hkhkkhhhkkkhkhkhkrorkhhhhhkkhhhkkhkhhhhkhkdhkhkhhhhhkhhkkihhkkkk

* *
* Program DAMAGE *
* *
ﬁ‘ A khkkhkhkhkhhkhkhkhhhkhhhhkhkhhkhkkhhkhhkhkhhhhhhkdhkhhdhkhhthkkhkkkk

TITLE: Example Analysis

INPUT:
OUTSIDE DIAMETER (in) = 30.000
THICKNESS (in) = .500
LENGTH (ft) = 50.000
EFF. LENGTH FACTOR = .80
YIELD STRESS (ksi) = 50.00
YOUNGS MODULUS (ksi) = 29000.0
DENT DEPTH (in) = . 3.000
HOLE DIAMETER (in) = .000
LAT. DISPL. (in) = 3.00
RESULTS:
CROSS-SECTIONAL AREA (sq.in) = 46.34
DENT/HOLE ANGLE (rad) = 5.00760
AXTAL ECCENTRICITY (in) = 3.5077
{ﬁW\REDUCED RAD. OF GYRATION (cu.in) = 8.700
f " REDUCED ELAS. SECTION MOD. (cu.in) = 183.217
" PLASTIFICATION STRESS (ksi) = 3.113
AVG. SQUASH STRESS (ksi) = 40.481
IMPERFECTION PARAMETER = .00763
SLENDERNESS RATIO =  43.06542
EULER BUCKLING STRESS (ksi) =  135.1743
SOLUTION ROOTS (SDCEl,SDCE2) (ksi) = 296.138 19.483
DAMAGED MEMBER AXIAL CAPACITY (ksi) = 19.483
DAMAGED/UNDAMAGED STRESS RATIO = .38965
UNDAMAGED SLENDERNESS RATIO = .60819

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastlflcatlon
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.



EQUIV Program

EQUIV is an interactive PC Fortran 77 program developed to generate damaged
tubular member data for this study’s computer analyses. The program calcu-
lates reduced axial and moment capacities for members having holes or dents.
In addition, moment-curvature and axial force-moment interaction data is
developed for a damaged or an undamaged cross-section. A damaged section is
one with a hole or a dent while an undamaged one contains neither. This data
can then be used in conjunction with the element length to develop axial
force-deformation, moment-rotation, and axial force-moment yield surface data
for input to the SEASTAR program.

The program’calculates the cross-sectional propertiéé of damaged and undamaged
thin-walled tubes. Damage can assume the form of either a hole or a dent.

The program also calculates the eccentricity of the damaged section and the
reduction factors to be applied to the undamaged section axial force and
moment capacities to obtain the damaged section capacities. The undamaged
section yield moment, plastic moment, maximum axial load and yield curvature
are reported with the program geometric data output. The eccentricity is
determined as the difference between the undamaged section geometric center
and the center of gravity of the undamaged arc of the cross-section. The
damaged arc of the cross-section is not considered in determining the center
of gravity, the plastic moment or the maximum axial capacity. If the plastif-
jcation stress is included in the property calculation then the maximum stress
the dented region can sustain is included in the moment and axial capacity.

Several damaged section properties are calculated and printed. The plastic
moment and maximum axial load, the cross-sectional area of the hole or dented
region, the maximum load which can be sustained by the dented region of the
cross-section and the dent zone plastification stress are output. Also
reported are equivalent linear properties which can be included in an analysis
to represent the damaged sectidﬁ stiffness. An estimated dent length based
upon the dent depth and member diameter is also calculated and reported.
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Two tables are developed and printed. The first table in the output file
provides moment and curvature data from which a moment-curvature or moment-
rotation plot (provided the member Tength is known) can be constructed. The
second table lists discrete points on thé damaged section axial force-moment
(P-M) interaction surface. This surface is different in form from that of an
undamaged section. It can be input to SEASTAR as a type 4 yield surface
having the exponential powers of a, and a,. For the Damaged Brace JIP, the «
exponents were selected by trial and error. The procedure involved program-
ming the type 4 yield surface equation in a spreadsheet format. Various
combinations of o exponents were tried until a best fit graphically was
obtained with the generated damaged section yield surface.

At execution, the user is asked if he wants to inc]udé the plastification
stress of the dented region of the cross-section in the calculation of the
section axial capacity and plastic moment. For dent sizes which significantly
affect brace capacity, including this stress provides little additional capac-
ity and can be conservatively neglected. This stress is determined using the
same equations as employed in the DAMAGE program.

The following is a 1ist of the input/output from the EQUIV program.
REQUIRED INPUT:

Outside Diameter

Wall Thickness

Material yield stress

Young’s modulus of elasticity
Dent depth

Hole diameter

OUTPUT:
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Eccentricity due to damage
Moment-curvature data

P-M interaction surface data
Undamaged Section Properties:

Yield Moment

Plastic Moment
Axial Capacity
Yield Curvature

Damaged Section Properties:

Plastic Moment

Axial Capacity
Plastification Stress
Max Dent Load

Yield Curvature

Yield Strain

Dented Length

Most of the equations used in the EQUIV program to determine the member cross-
sectional properties are discussed below. An attempt has been made to provide
these equations in the order in which they occur in the program.

The parameter a is the angle corresponding to half of the cross-section dam-

aged arc for dent damage and half of the angle subtended by the hole diameter
for hole damage:

d
<x=cos‘l(1—~—d-)
R

where

R =mid-wall thickness radius

dy=dent depth or “equivalent” hole diameter



£ Another damage parameter, §, is the ratio of the dent depth to the member
o diameter:

dg
6d=—l—)—

where

D =member diameter

'If the plastification stress is to be included in the determination of the
axial and moment capacity of the dented member, this stress is calculated as:

D t2
op,=FyT 1.7786§+5 -1.3330,

where

Fy=material yield stress

t=member wall thickness

The cross-sectional area of the dented cross-section is determined as:

Ag=2tRsina

The eccentricity due to a dent or hole of comparable dent depth is determined
by:

The damaged section axial and bending capacities are calculated by defining a
reduction factor to be applied to the undamaged section properties. The
factors hy and hp are the moment and axial capacity reduction factors respec-
tively. They are determined using the following equations:

a sina

h, =cos=~-
m=C0S5~—
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These reduction factors are applied to the undamaged axial and bending proper-
ties to determine the damaged section capacities. The undamaged cross-
sectional properties are tabulated below:

The undamaged plastic moment:
M, =4R?tF,

The undamaged axial capacity:
P,=20RtF,

The undamaged yield moment:
M,=nR?tF,

The undamaged yield curvature:

F

¢,=—§

)

where
E=Young’'s modulus of elasticity

The damaged section properties are as follows: (The plastification stress
terms are included for completeness.)

The damaged plastic moment (about the damaged cross-section neutral axis):
Mpd=hmMp+0pAd(R—dd—e)

The damaged cross-section axial capacity:

Poy=h,P,+0,A,
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An estimate of the damaged length is provided for a dented member via the
following equation. If the member has a hole, the damaged length is assumed
to be equal to the hole diameter.

L,=2J2Ra

The above equations form the basis for the uncoupled axial and moment capaci-
ties. The capacity of a member having both axial and bending stresses is
defined by a 2-D yield surface. The axes of this surface represent pure
stress states of axial or bending stress. Any point not on an axis is a
combined stress state. To determine the points on the yield surface, combi-
nations of axial load and bending moment were substituted in the following
equations on a trial and error basis. Those combinations of stress satisfying
the yield surface equation (value of zero) define the yield surface. In these
equations the eccentricity due to the damage is included in the yield surface
formulation. Thus, the denominators of the ratios in the equations are
undamaged section properties.

Y72 2P,
(ﬂi>—(ndd>(jl)—an +§na—0
M, 2R J\ P, Y 2

The beam-column element in the SEASTAR program requires that the force-
deformation data as well as the axial-bending interaction characteristics be
input for each nonlinear element. It is assumed that the force-axial
deformation characteristics are linear up to the section yield stress. Beyond
this axial deformation the element is assumed to have a minimal amount of
strain hardening for larger values of strain. The element moment-rotation
input is assumed to be trilinear which requires three stiffness and four
moment input values. This data is obtained by imposing curvatures on the
cross-section about the damaged'éection neutral axis and calculating the
resulting moment and rotation. Determining the rotation requires that the
element length be known.
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A multi-step process is required to determine the cross-section moment-
curvature characteristics. The first step is to determine the yield curvature
which will just cause material yielding at the member extreme fiber strains
are as follows: '

Y©3
Oy
€y=zr

€. =¢(Rsiny—-e)<eg,

e, =¢(-R-e)<e,

where

ey=material yield strain

e,=compression fiber strain

€, =tension fiber strain

¢ = curvature

e=damaged section eccentricily
Using the above strain calculations as reference, the stress state of the
extreme fibers of the member can be evaluated. Three stress states can occur:
1) both tension and compression fiber stresses are less than o, 2) the

compression stress has reached yield and the tension side has remained elastic
or 3) both extreme fiber stresses have reached the material yield stress.

The general procedure is to assume a cross-section curvature and determine the
corresponding moment. The curvature is then increased and the associated
moment determined. The curvature is continually increased until the cross-
section plastic moment is reached or the curvature is beyond practical limits.
As the curvature is increased, the stress distribution about the neutral axis
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progresses from elastic to plastic corresponding to the three states described
above. If both extreme fiber strains are less than the yield strain then the
cross-sectional elastic moment is determined as:

Y.+ 2Recos8|Y,)

2 2

0 sin26)
2 4

Me=ZERt¢(eze|j£+R2(——
2

The equation for the ellastic moment is the result of integrating the stress
distribution over the depth of the member. This equation must be evaluated
with © taking on the upper and lower values on the vertical bar.

When the compression side of the member has reached yield but the tension side
remains elastic, the moment is defined using the following equations:

o
61=sin"l( A +3)
dRE R

M,=-20,R?*t(cosy-cos®,)-20,Rte(v=6,)

1%

. .
M,=2E¢Rt[e?0] L+ Rz(g_smze)

<]
2R ol L
: 5 4 +2Recos I'5]

_r
2

M=M,+M,

Wwhen both sides have reached the material yield strain the cross-sectional
moment is determined by:

- €
OR R
hif k]!
My= ZUyRZt(cosez~cos(—-2-))+20the(62+ 5)
M=M,+M,+ M,

The methods outlined above describe the basic equations and methods employed
in the EQUIV program to determine the cross-sectional capacities, the force-
deformation characteristics and the axial force-moment interaction for intact
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and damaged members. These equations were extracted from the work of Van
Aanhold and Taby and the program was verified against known results. A
detailed explanation for the computation of the plastic capacities and the
yield surface for undamaged and damaged sections can be found in Reference 5.
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PROGRAM EQUIV
CHARACTER*60 FILOT,TITLE
CHARACTER¥*1 Y1,Y2,INPL

Y1 = 'Y’
g.; } Y2 = 'y’

Program to develop eqvivalent properties for damaged sections
of tubular members. The program excludes any contribution of
the damaged region of a dented member, therefore, the generated
properties also apply for holes.

Ref: "Analysis of Structures with Damaged Structural Members",
J.E. van Aanhold and J. Taby
Veritas Technical Report STFA83002
Oct. 1983

READ INPUT DATA

aOoONOOOOO0O0000N000

WRITE (*,1)
FORMAT(//,’ TITLE:’)
READ(*,’ (A) /) TITLE
WRITE (*,2) :
2 FORMAT(//,’ ENTER OUTPUT FILE NAME:’)
READ(*, ’ (A) /) FILOT
OPEN(1,FILE=FILOT, STATUS='NEW’)
WRITE(1,4)
o 4 FORMAT(//, "’ PROGRAM EQUIV’)
£l WRITE(1,3)TITLE
3 FORMAT(//,’ TITLE: ’,A)
WRITE(*,5)
5 FORMAT(///,’ ENTER MEMBER OUTSIDE DIAMETER (in)‘)
READ(*,’ (F10.0) /) DIA
10 FORMAT (/)
WRITE(*,*)’ ENTER MEMBER WALL THICKNESS (in)’
READ(*,’ (F10.0)*)T
WRITE (*,*)’ ENTER MATERIAL YIELD STRESS (ksi)’
READ(*, ’ (F10.0) /) FY
WRITE(*,*)/ ENTER MODULUS OF ELASTICITY (ksi)’
READ(*,’ (F10.0) /) YMOD
WRITE (*,*)’ ENTER DENT DEPTH (in)’
READ(*,’ (F10.0) ) DD
WRITE(*,*)‘ ENTER HOLE DIAMETER (in)’
READ(*,’ (F10.0) /) HOLE
IF(DD.NE.0.0)
.WRITE(*,*)’ INCLUDE PLASTIFICATION STRESS (Y/N)?’
IF(DD.NE.O.O0)
.READ(*, ’ (3) /) INPL
DIA = DIA - T
R = DIA / 2.0
PI = 4.0 * ATAN (1.0)

o)

Plastification Stress and Dent Area Load
Lo DELD = 0.0

SPL = 0.0
DAREA = 0.0
PLIOAD = 0.0

OO0



oNe NN

oo oNoNe]

QNN o0

OO0

50

60

ALPH = ACOS(1-DD/R)

IF(DD.EQ.0.0)GO TO

IF(INPL.NE.Y1.AND.INPL.NE.Y2)GO TO 8

DELD = DD/DIA

8

SPL = FY*DIA/T*(SQRT(IG./9.*DELD**2+(T/DIA)**2)—4./3.*DELD)

DAREA = T*R%*2.0%*S5I

N (ALPH)

PLLOAD = DAREA*SPL

CONTINUE

Geometric parame

ters

IF (HOLE.NE.0.0)ALPH = ASIN((HOLE/2.0)/R)
ECC = -R * (SIN(ALPH))/(PI - ALPH)

HM = COS(ALPH/2.0)
HP = (PI-ALPH)/PI

-0.5*SIN(ALPH)

AREA = 2.0 #* PT * R * T * (1.0 — (2.0 * ALPH)/(2.0 * PI ))

Undamaged plastic moment and axial load

XMP = 4.0 * R**2 *
PP = 2.0 * PI * R

T * FY
* T * FY

Undamaged Yield Moment

XMY = PI*R**2%T*FY
Undamaged Yield

PHIYUN=FY/ (YMOD*R)

Curvature

Damaged section plastic moment and axial load

EQMP = HM * XMP +

PLLOAD#* (R-DD-ECC)

HMM

HMM = EQMP/XMP

EQAX = HP * PP + PLLOAD
HPP = EQAX/PP

EQR = R * HMM/ HPP

EQT = T * HPP**2 /

EQD =

DAML = 2.82843 * R * ALPH
IF (HOLE.NE.O.0)DAML = HOLE

Print data

WRITE(*,50)DIA,T,FY,YMOD,DD,HOLE, AREA

WRITE(1,50)DIA,T,FY,YMOD,DD,HOLE,AREA

FORMAT(//,* INPUT

. N N N NN

,

DATA:',/,

MEMBER DIAMETER (in)

MEMBER THICKNESS (in)
MEMBER- YIELD STRESS (ksi)
MODULUS OF ELASTICITY (ksi)

DENT DEPTH (in)
HOLE DIAMETER (in)

UNDAMAGED SECTION AREA (in~2)

READ(*,’ (I1) /) IDUM
WRITE (*, 60) ALPH, ECC,HMM, HPP, XMY , XMP, PP, PHIYUN
WRITE(1,60)ALPH, ECC,HMM, HPP, XMY , XMP, PP, PHIYUN
FORMAT(//,' GEOMETRIC DATA:’,/,

’
’

DAMAGE ANGLE (rad)
ECCENTRICITY (in)

DIA * (2.0 * EQR + EQT)/(2.0 * R + T)

= ‘,F8.3,/,
= ',F8.4,//
= ’,F8.3,/,
= ',F8.1,//
= ',F8.4,/,
= ',rF8.4,/,
= ’,F8.3)

* F8.6,/,
+,¥8.4,/,



70

e Xo e

80

100

000

HMM = ‘,F8.4,/,
HPP = *,F8.4,//,

LI T B ]

3 UNDAMAGED YIELD MOMENT (k-in) = *,F8.1,/,

. UNDAMAGED PLASTIC MOMENT (k-in) = /,F8.1,/,

. : UNDAMAGED PLASTIC AXIAL LOAD (k) = /,F8.2,/,
-

; ’ UNDAMAGED YIELD CURVATURE ,E12.6)
READ (*,’ (I1) ‘) IDUM

WRITE(*,70) EQMP, EQAX, DAREA, SPL, PLLOAD, EQR, EQT, EQD, DAML
WRITE(1,70)EQMP, EQAX, DAREA, SPL, PLLOAD, EQR, EQT, EQD, DAML
FORMAT(//,’ EQUIVALENT DAMAGED SECTION PROPERTIES:’,/,
PLASTIC MOMENT (k-in) ', F8.2,/,
PLASTIC AXIAL LOAD (k) ,F8.2,/,
DENT AREA (in~2)
PLASTIFICATION STRESS (ksi)
MAX DENT LOAD (k)

I [

(oo Jo T I | |
.
N B W S 8 8 s

L N S . . T

. MEMBER RADIUS (in) = ’,F8.3,/,
. MEMBER THICKNESS (in) = ’,F8.4,/,
. MEMBER DIAMETER (in) = ’,F8.4,/,
. ’ DAMAGED LENGTH (in) = ’,F8.2)

READ(*,/(I1)’)IDUM
Generate Moment - Curvature data for daﬁdged section

PHI = O.

GAMMA = PI/2.0 - ALPH

PHIYLD = FY/(R*YMOD* (SIN(GAMMA) -(ECC/R)))

DELPHI = PHIYUN/5.0001

YLDST = FY/YMOD

WRITE(*,80)GAMMA, PHIYLD, YLDST
WRITE(1,80)GAMMA, PHIYLD, YLDST

FORMAT(//,’ DAMAGED SECTION MOMENT-CURVATURE DATA:’,/,
. ’ UNDAMAGED ANGLE (rad) = /,F8.6,/,

. ' YIELD CURVATURE (rad) = ‘,E13.6,/,

. ‘ YIELD STRAIN (in/in) = ‘,E13.6,//)

WRITE (%, *)

. Comp Ten Curv- Monment Phi/ Mom/ ’
WRITE(*, *)

. Strn Strn ature (k-in) Phiy Momy /
WRITE(*,%)’ '

WRITE (1, *)

. Comp Ten curv- Moment Phi/ Mom/’
WRITE (1, *)

o Strn Strn ature (k-in) Phiy Momy ’

WRITE(Ll,*)’ *

CONTINUE

CSTR = PHI* (R*SIN(GAMMA)-ECC)

TSTR = PHI* (-R-ECC)

CS = CSTR*YMOD

DLOAD = CS*DAREA

IF (CS.GT.SPL)DLOAD = SPL*DAREA

IF (CSTR.GT.YLDST.OR.TSTR.LT.-YLDST)GO TO 110

Elastic moment

XM = 2.0*YMOD*PHI*R*T* (ECC**2% (GAMMA+PI/2.)+R**2% (.5*GAMMA-
. .25%STN(2.*GAMMA) —.5% (=PI/2.)+.25%SIN(-PI))+2.0%R*ECC*
. (COS (GAMMA) ~COS (-PI/2.))) + DLOAD* (R-DD-ECC)
RPHI=PHI/PHIYUN

RMOM = XM/XMY

WRITE(*,101) CSTR, TSTR, PHI , XM, RPHI , RMOM



WRITE

(1,101) CSTR, TSTR, PHI , XM, RPHI, RMOM

PHI = PHI + DELPHI
GO TO 100

110 CONTI

PHI =

NUE
Compression Yield

PHI - DELPHI

DELPHI=DELPHI/1.

PHI =
115 CONTI
TH1 =
TSTR
CSTR
CSs =
DLOAD
IF(CS
IF(CS
XMl =
XM2 =
XM =
RPHT
RMOM=
WRITE
WRITE
PHI =

) GO TO
e

Co

FOOO

PHT =

PHI +DELPHI
NUE
ASIN(FY/ (PHI*R*YMOD)+ECC/R)
= PHI* (-R-ECC)
= PHI* (R*SIN(GAMMA)-ECC)
CSTR*YMOD
= CS*DAREA
.GT.SPL)DLOAD = SPL*DAREA
TR.GT.YLDST.AND.TSTR.LT.-YLDST)GO TO 120
—2.0%FY*R*%2*T* (COS (GAMMA) —COS (TH1) ) -2 . 0*FY*R*T*ECC*
(GAMMA-TH1)
2 .0*PHI *YMOD#*R*T#* (ECC**2* (TH1+PI/2.) +R¥*2% (. S*TH1-.25%
SIN(2.*TH1)-.5*% (-PI/2.)+.25%SIN(-PI))+2.*R*ECC*
(COS (TH1) -COS (-PI/2.)))
XM1+XM2+DLOAD* (R-DD-ECC)
= PHI/PHIYUN
XM/ XMY
(*,101) CSTR, TSTR, PHI, XM, RPHI , RMOM
(1,101) CSTR, TSTR, PHI , XM, RPHI , RMOM
PHI + DELPHI
115

mpression and tension yield

20 CONTINUE

PHI-DELPHI

DELPHI = DELPHI/1.0

PHI =

PHI + DELPHI

125 CONTINUE

IF (PH
TH1
TH2
TSTR
CSTR
cs =
DLOAD
IF(CS
XM1 =

XM =

RPHI

) RMOM
’ WRITE
WRITE

I.GT.5.0%PHIYUN)GO TO 130
ASIN(FY/ (PHI*R*YMOD)+ECC/R)
ASIN (-FY/ (PHI*R*YMOD)+ECC/R)
= PHI* (-R-ECC)
= PHI* (R*SIN(GAMMA)-ECC)
CSTR*YMOD
= CS*DAREA
.GT.SPL)DLOAD = SPL*DAREA
—2.0%FY#*R*#2*T* (COS (GAMMA) ~COS (TH1) ) -2 . 0*FY*R*T#ECC*
(GAMMA-TH1)
2 .0*PHI*YMOD*R*T* (ECC**2% (TH1-TH2) +R**2% (. 5*TH1-.25%
SIN(2.*TH1)-.5% (TH2)+.25%SIN(2.*TH2) ) +2.*R¥ECC*
(COS (TH1) —-COS (TH2) ) )
2.0*FY*R**2*T* (COS (TH2) -COS (-PI/2.))+2.0*FY*R*T*ECC*
(TH2+PI/2.)
XM1+XM2+XM3+DLOAD* (R-DD-ECC)
= PHI/PHIYUN
= XM/XMY
(*,101) CSTR, TSTR, PHI , XM, RPHI , RMOM
(1,101) CSTR, TSTR, PHI, XM, RPHI , RMOM

PHI = PHI + DELPHI

GO TO

125



130
101

140

142

150

165
155

CONTINUE
FORMAT (2X,3F10.7,3X,F10.2,1X,2F10.4)
READ(*, / (I1) ‘) IDUM

Generate P-M Interaction Surface

PRATIO=0.0

IDEL = 10

DELP = HP/IDEL

IDEL = IDEL+1

WRITE (*,140)

WRITE(1,140)

FORMAT(,////.’ DAMAGED SECTION P-M INTERACTION SURFACE’)
WRITE (*,142)

WRITE(1,142)

FORMAT (/,

S P/Pp M/Mp PRAT MRAT P(k) M(k-in)‘,/)

(1]

CONTINUE

DO 165 I=1,IDEL
RATTOM=PI*ECC*PRATIO/2./R —-SIN((PI-ALPH)/2.-PI*PRATIO/2.)+
. .5*SIN (ALPH)

RATIOM = -RATIOM

AX = PRATIO*PP*HPP/HP

XM = RATIOM*XMP*HMM/HM

PRATIP = PRATIO*HPP/HP

RATIO = RATIOM*HMM/HM

RAT1 = PRATIP/HPP

RAT2 = RATIO/HMM

WRITE (*,155) PRATIP, RATIO,RAT1,RAT2,AX, XM
WRITE(1,155) PRATIP,RATIO,RAT1,RAT2,AX, XM
PRATIO=PRATTO+DELP

CONTINUE

FORMAT (1X,4F9.5,2F9.1)

STOP

END
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PROGRAM EQUIV

TITLE: Documentation for EQUIV Program

INPUT DATA:
MEMBER DIAMETER (
MEMBER THICKNESS

in)
(in)

MEMBER YIELD STRESS (ksi)

MODULUS OF ELASTICITY (ksi)

DENT DEPTH (in)

HOLE DIAMETER (in)
UNDAMAGED SECTION AREA (in"2) = 32.536

GEOMETRIC DATA:

It

29.500
.5000

42.000
29000.0

= 6.0000
= .0000

DAMAGE ANGLE (rad) = .935743

ECCENTRICITY (in) = -5.3831

HMM = .5021

HPP = L7101

UNDAMAGED YIELD MOMENT (k-in) = 14353.3

UNDAMAGED PLASTIC MOMENT (k-in) = 18275.3

UNDAMAGED PLASTIC AXIAL LOAD (k) = 1946.22

UNDAMAGED YIELD CURVATURE = .981882£-04

EQUIVALENT DAMAGED SECTION PROPERTIES:

PLASTIC MOMENT (k-in) = 9175.11

PLASTIC AXIAL LOAD (k) = 1382.09

DENT AREA (in”2) = 11.874

PLASTIFICATION STRESS (ksi) = 1.31

MAX DENT LOAD (k) = 15.57

MEMBER RADIUS (in) = 10.428

MEMBER THICKNESS (in) = .5022

MEMBER DIAMETER (in) = 21.0019

DAMAGED LENGTH (in) = 39.04

DAMAGED SECTION MOMENT-CURVATURE DATA:

UNDAMAGED ANGLE (rad) = .635053

YIELD CURVATURE (rad) = .102474E-03

YIELD STRAIN (in/in) = .144828E-02

Comp Ten Curv- Moment Phi/

strn strn ature (k-in) Phiy
.0000000 .0000000 .0000000 .00 .0000
.0002775 -.0001839 .0000196 1262.34 .2000
.0005551 -.0003679 .0000393 2304 .62 .4000
.0008326 -.0005518 .0000589 3346.90 .6000
.0011101 -.0007358 .0000785 4389.19 .8000
.0013877 -.0009197 .0000982 5431.47 1.0000

Mom/

'Momy

.0000
.0879
. 1606
.2332
.3058
.3784



S

.0016652
.0019427
.0022203
.0024978
.0027754
.0030529
.0033304
.0036080
.0038855
.0041630
.0044406
.0047181
.0049956
.0052732
.0055507
.0058282
.0061058
.0063833
. 0066609
.0069384

-.0011036
-.0012876
-.0014715
-.0016555
-.0018394
-.0020233
-.0022073
-.0023912
-.0025752
-.00275%1
-.0029430
-.0031270
-.0033109
~.0034949
-.0036788
-.0038627
-.0040467
-.0042306
-.0044146
-.0045985

DAMAGED SECTION P-M

p/Pp

.06000
.07101
14203
.21304
. 28406
.35507
42609
49710
.56812
.63913
.71014

M/Mp

.50205
.48688
46127
42606
.38216
.33060
.27253
.20913
14169
.07153
.00000 1

.0001178
-0001375
.0001571
.0001767
.0001964
.0002160
.0002356
.0002553
.0002749
.0002946
.0003142
.0003338
.0003535
.0003731
.0003927
.000412¢4
.0004320
.0004517
.0004713
.0004909

6379.68
7125.00
7755.75
8128.60
8365.08
8530.67
8652.45
8745.08
8817.38
8874.98
8921.67
8960.07
8992.05
9018.98
9041.87
9061.50
9078.46
9093.21
9106.14
9117.52

INTERACTION SURFACE

PRAT

.00000
.10000
.20000
.30000
.40000
.50000
.60000
.70000
.80000
.90000
.00000

MRAT

1.00000
96977
.91878
.84863
76119
.65850
.54282
.41656
.28223
14248
.00000

PCk)

.0
138.2
276.4
414.6
552.8
691.0
829.3
967.5

1105.7
1243.9
1382.1

1.2000
1.4000
1.6000
1.8000
2.0000
2.2000
2.4000
2.5999
2.7999
2.9999
3.1999
3.3999
3.5999
3.7999
3.9999
4.1999
4.3999
4.5999
4.7999
4.9999

Mck-in)

9175.1
8897.8
8429.9
7786.3
6984.0
6041.8
4980.5
3822.0
2589.5
1307.3

.0

L4445
4964
.5403
.5663
.5828
.5943
.6028
.6093
L6143
.6183
.6216
L6242
.6265
.6284
.6299
.6313
.6325
.6335
.6344
.6352



4.3 Results

After completing the various analyses for the twenty specimens the data was
reduced to graphs and tables. These are presented in Figures 4-5 to 4-79.
The following section details the format of these results.

Figure 4-5 is a summary of the specimen peak axial capacities from the full
scale test, the DAMAGE program, the beam-column finite element analysis (FEA)
and the DENTA-2 analysis (provided by Shell). Only members with holes or
dents have entries in the DAMAGE column. Predominate types of member damage
along with the ratios of FEA to test capacity and DENTA to test capacity are
listed for quick reference.

Figure 4-6 lists the specimen data used in the computer analyses. The
k-factor was calculated by Texas A8M from the full scale test except as noted
in the figure. The yield stress (Fy) is the static yield stress calculated
from the coupon test; Young’s modulus (E) also comes from this test. The
diameter and length were measured at the test site. The thickness is the
offective wall thickness calculated from the full scale test. A1l analyses
and data reduction were performed using these numbers unless otherwise indi-
cated.

The remainder of the results are broken down into sections by specimen number.
Each section contains the following:

1. Damage Summary.
This is a description of the damage which was included in the beam-
column finite element model. Each dent or hole is identified by the
number given it in the damage descriptions provided by Texas A&M.
The other information given describes how it was modelled for the
analysis. The dent depth or hole diameter, model segment length,
distance from the Joaded end of the member to the center of the
damage and the angle of the damage from vertical are all provided to
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show exactly where the damage was modelled on each member. The
maximum out-of-straightness, if any, in either direction is also
detailed.

DAMAGE Program Results.

The output contains several quantities defined by the geometry and
the extent of the damage. The most pertinent of which is the dam-
aged member axial capacity, shown as a maximum stress. Only a
single dent or a single hole can be input as damage along with an
out-of-straightness. Therefore, for members with multiple dents or
holes, the damage which caused the lowest axial capacity was pres-
ented. The DAMAGE program wasn’t run for members without holes,
dents or out-of-straightness.

Compression Capacity vs. Slenderness Curve.

This graph compares the axial capacities from the full scale test,
the Beam-Column FEA and the DAMAGE program (where applicable) to the
capacities predicted by four different theories of buck]ing. Member
slenderness is defined as:

e f15]
nr E

where

k=ef fective length factor
L=member length

F,=yleld stress

E=Young’s Modulus of Elasticily

=radius of gyration
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The four theoretical curves include the Euler buckling curve (con-
stant over a range of slenderness and then controlled by elastic
buckling), the AISC LRFD curve (calculated from the AISC Load and
Resistance Factor Design equation), the AISC WS curve (representing
the AISC Working Stress design equations without the factor of
safety and the same as the API LRFD equations) and the W/R curve
(from the Wolford-Rebholz column capacity equation). These curves
don’t account for dents, holes or out-of-straightness. Therefore,
they give an indication of how much the capacity is reduced in
members which have those types of damage. The vertical line on the
graph was drawn at the corresponding slenderness for the given
specimen. The capacities from the full scale test and the analyses
were then plotted on this line to compare to each other and to the
theoretical curves.

Axial Load vs. Axial Deformation Curve.

This plot shows a direct comparison between the force-deformation
behavior predicted by the beam-column FEA and demonstrated by the
full scale test. For members with dents, holes or out-of-
straightness another curve is provided showing the predicted behav-
ior for the member if only the corrosion were present. Also, the
force-deformation behavior predicted by the DENTA-2 program is
shown. In five cases the DENTA-2 program was not able to complete
the analysis. Instead it displayed an error message which was
thought (by Shell who provided the data) to indicate a local yield-
ing problem. No DENTA results are shown for these cases. The
design ultimate load, represented by a horizontal Tline on the graph,
is provided as an indication of the capacity a designer might expect
from the member if it were new. It was calculated using the AISC WS
equations without the factor of safety. Nominal values for the wall
thickness were used as were nominal values of the yield stress (36
ksi) and Young’s modulus (29500 ksi). This is intended to mimic the
design approach. In cases where the specimen didn’t buckle or
yielded locally prior to buckling, the fact is noted on these
curves.
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Wall Thickness Ratios

Full Scale Test vs. UT Average
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Specimen Test

O O ~N O Ul W N

BN DD b d bt b b e bt
—_ O W O ~N O AW N - O

1

424
601
436
410
465
043
548
236
558
692
374
299
187
198
218
420
262
614
550
549

Notes:

(1)
(2)

(3)

Specimen Axial Capacity Summary

DAMAGE
Program

401

504
456
1118
345
241

192
162
235
287
255
199

566

FEA DENTA-2 FEA/Test DENTA/Test Type o{l)

438
816
609
553
496

1084
410
273
586
718
424
319
263
329
384
368

231

940
686
659

493
839
623
549
555
1068
518
370
595
749
437
370
256
319
324
398
269
976
718
667

HHD—‘OOHD—‘)—‘H!——'F—‘O—‘O——‘OF—*H’-—"—‘&—‘H

0oS denotes out-of-straightness

.03
.36
.40
.35
.07
.04
.75
.16
.05
.04
.13
.07
.41
.66
.76
.88
.88
.53
.25
.20

HHHHOHHHHHHHHOHHHHF—‘H

.16
.40
.42
.33
.19
.02
.95
.56
.07
.08
.17
.22
.37
.61
.48
.93
.02
.59
.30
.21

Damage

Dent

None

None

0oS

Dent

None

Dent

Dent

None

None

None

Holes, Dent
Dents, 0oS
Dents, QoS
Dents, 00S(3)
Dent, 0oS
Dents, 0oS
Long. Crack(2)
None

Hole, Crack(2)

Longitudinal crack not modeled in beam-column analyses or
included in DAMAGE program results
Specimen has collar and different wall thicknesses to either

side of collar.

Figure 4-5

Nominal wall thicknesses used in the analysis.



Specimen Data Used in Computer Analyses

Specimen k Fy (ksi) D (") t (") E(ksi) L")
1 0.50 35.7 18.00 0.270 25800 235.20
2 0.50 43.6 18.00 0.346 27400 265.56
3 0.50 36.6 18.00 0.305 26200 290.40
4 0.50 54.0 12.75 0.314 28000 416.75
5 0.50 35.9 18.00 0.303 26300 222.24
6 0.86 36.5 20.00 0.500 28300 474.00
7 0.50 50.0 12.75 0.409 29200 473.50
8 0.50 39.2 10.75 0.293 29400 319.56
9 0.54 39.6 14.00 0.358 29600 264.48

10 0.52 42.0 14.00 0.425 25900 379.25
11 0.50 39.0 10.75 0.350 27300 347.52
12 0.50 60.0 12.75 0.351 28600 474.00
13 0.54 53.7 12.75 0.323 30000 289.56
14 0.50 36.0 12.75 0.295 29300 201.00
16 0.62 49.1 12.75 0.375 29000 345.24
17 0.52 49.2 12.75 0.422 25000 374.04
18 0.50 34.5 10.75 0.264 24900 204.96
19 0.50 59.7 16.00 0.338 27700 447 .25
20 0.50 57.4 12.75 0.328 28000 416.00
21 0.50 52.2 16.00 0.275 25900 267.96

Note: The data shown above was used in all the computer analyses and data
reduction for this study. Unless otherwise noted, when these char-
acteristics are referred to (in the text or on plots and tables)
these are the values indicated |

For specimens 1, 2, 3, 5, 8, 14, 18, 19 and 21 the effective length
wasn’t calculated do to local yielding prior to buckling or the fact
that the member never buckled. A factor of 0.5 was used for these
specimens.

Figure 4-6
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ASM Damage Number

2

Damage Summary
Specimen #1

Damage Description

Dent:
Depth = 0.5"
Model Segment Length = 8"
Distance from loaded end = 197.20"

Angle from vertical = 127°

*Angle from vertical is clockwise from +Z axis
looking from the loaded end toward the opposite end
of the member

Figure 4-7
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A&M Damage Number

Damage Summary
Specimen #2

Damage Description

No Damage

Figure 4-11
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A&M Damage Number

Damage Summary
Specimen #3

Damage Description

No Damage

Figure 4-14
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Damage Summary
Specimen #4

)

A&M Damage Number Damage Description

None Out of Straightness:
Direction: -Z
Maximum Deflection = 1.3125"

Figure 4-17
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* *
* Program DAMAGE *
* *
é h *hkkkhhkkkhkkEkrkrkrhkhkkrkhkhkhkhkrkhkhkkhkhkixhkrkhkrkhrkrbdhkhkxkikkkkk

TITLE: SPECIMEN #4

INPUT:

OUTSIDE DIAMETER (in) = 12.750

THICKNESS (in) = .314

LENGTH (ft) = 34.730

EFF. LENGTH FACTOR = .50

YIELD STRESS (ksi) = 54.00

YOUNGS MODULUS (ksi) = 28000.0

DENT DEPTH (in) = .000

HOLE DIAMETER (in) =  .000

LAT. DISPL. (in) = 1.31

RESULTS:

CROSS-SECTIONAL AREA (sq.in) = 12.27

DENT/HOLE ANGLE (rad) = 6.28319

AXIAL ECCENTRICITY (in) = .0000
g~  REDUCED RAD. OF GYRATION (cu.in) = 4.397
© ! REDUCED ELAS. SECTION MOD. (cu.in) = 38.140

PLASTIFICATION STRESS (ksi) = 54.000

AVG. SQUASH STRESS (ksi) = 54..000

IMPERFECTION PARAMETER = .00519

SLENDERNESS RATIO = 40.23994

EULER BUCKLING STRESS (ksi) = 123.1102

SOLUTION ROOTS (SDCE1,SDCE2) (ksi) 161.693 41.115

DAMAGED MEMBER AXIAL CAPACITY (ksi) = 41.115
DAMAGED/UNDAMAGED STRESS RATIO = .76138
UNDAMAGED SLENDERNESS RATIO = .66229

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-18
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A%M Damage Number

10

Damage Summary
Specimen #5

Damage Description

Dent:
Depth = 0.5"
Model Segment Length = 8.5"
Distance from loaded end = 154.87"

Angle from vertical = 180°

*Angle from vertical is clockwise from +Z axis
looking from the loaded end-toward the opposite end

of the member

Figure 4-21
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* . *
* Program DAMAGE *
m * *
L t X EEEE IR RS S S S SRE S LTRSS S S LSS LSS RS LR S 2 8% 2R

TITLE: Specimen #5

INPUT:
OUTSIDE DIAMETER (in) = 18.000
THICKNESS (in) = .303
LENGTH (ft) = 18.520
EFF. LENGTH FACTOR = .50
YIELD STRESS (ksi) = 35.90
YOUNGS MODULUS (ksi) = 26300.0
DENT DEPTH (in) = .500
HOLE DIAMETER (in) = .000
ILAT. DISPL. (in) = .00
RESULTS :
CROSS-SECTIONAL AREA (sg.in) = 16.85
DENT/HOLE ANGLE (rad) = 5.61084
AXIAL ECCENTRICITY (in) = 1.0405
/™ REDUCED RAD. OF GYRATION (cu.in) = 5.807
"  ":EDUCED ELAS. SECTION MOD. (cu.in) = 54.027
PLASTIFICATION STRESS (ksi) = 7.776
AVG. SQUASH STRESS (ksi) = 32.890
IMPERFECTION PARAMETER = .00024
SLENDERNESS RATIO = 10.63276
EULER BUCKLING STRESS (ksi) =  823.2053
SOLUTION ROOTS (SDCE1l,SDCE2) (ksi) =  1069.641 27.046
DAMAGED MEMBER AXIAL CAPACITY (ksi) = 27.046
DAMAGED/UNDAMAGED STRESS RATIO = .75338
UNDAMAGED SLENDERNESS RATIO = .20883

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-22
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A&M Damage Number

Damage Summary
Specimen #6

Damage Description

No Damage

Figure 4-25
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* *
* Program DAMAGE *
* *
ﬁ I\” *E A KAk AkA kA AAAkkrkkhkhkhkrkkrrErRArrhAkLkhkhkhkrkkhhkkk ki ik

TITLE: SPECIMEN #6

INPUT:
OUTSIDE DIAMETER (in) = 20.000
THICKNESS (in) = .507
LENGTH (ft) = 39.500
EFF. LENGTH FACTOR = .86
YIELD STRESS (ksi) = 36.50
YOUNGS MODULUS (ksi) = 28300.0
DENT DEPTH (in) = .000
HOLE DIAMETER (in)- =  .000
LAT. DISPL. (in) = .00
RESULTS:
CROSS-SECTIONAL AREA (sq.in) = 31.05
DENT/HOLE ANGLE (rad) = 6.28319
AXIAL ECCENTRICITY (in) = .0000
, REDUCED RAD. OF GYRATION (cu.in) = 6.892
£ REDUCED ELAS. SECTION MOD. (cu.in) =  151.306
PLASTIFICATION STRESS (ksi) - 36.500
AVG. SQUASH STRESS (ksi) - 36.500
IMPERFECTION PARAMETER = .00017
SLENDERNESS RATIO = 44.10228
EULER BUCKLING STRESS (ksi) = 79.8902

SOLUTION ROOTS (SDCE1,SDCE2) (ksi) 81.009 35.996

DAMAGED MEMBER AXIAL CAPACITY (ksi) = 35.996
DAMAGED/UNDAMAGED STRESS RATIO = .98618
UNDAMAGED SLENDERNESS RATIO = .67593

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-26
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A&M Damage Number

Damage Summary
Specimen #7

Damage Description

Dent:
Depth = 1.5"
Model Segment Length = 15"
Distance from loaded end = 243.75"

Angle from vertical = 81°

*Angle from vertical is clockwise from +Z axis
looking from the loaded end ‘toward the opposite end
of the member

Figure 4-29
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TITLE: SPECIMEN #7

INPUT:
OUTSIDE DIAMETER (in) = 12.750
THICKNESS (in) = .409
LENGTH (ft) = 39.460
EFF. LENGTH FACTOR = .50
YIELD STRESS (ksi) = 50.00
YOUNGS MODULUS (ksi) = 29200.0
DENT DEPTH (in) = 1.500
HOLE DIAMETER (in) =  .000
LAT. DISPL. (in) = .00
RESULTS:
CROSS-SECTIONAL AREA (sq.in) = 15.86
DENT/HOLE ANGLE (rad) = 4.88865
AXIAL ECCENTRICITY (in) = 1.6210
REDUCED RAD. OF GYRATION (cu.in) = 3.546
REDUCED ELAS. SECTION MOD. (cu.in) = 24.662
PLASTIFICATION STRESS (ksi) = 5.060
AVG. SQUASH STRESS (ksi) = 40.026
IMPERFECTION PARAMETER = .00054
SLENDERNESS RATIO . = 59.17118
EULER BUCKLING STRESS (ksi) = 97.9836

SOLUTION ROOTS (SDCE1,SDCEZ) (ksi)

198.884 21.741

DAMAGED MEMBER AXIAL CAPACITY (ksi) = 21.741
DAMAGED/UNDAMAGED STRESS RATIO = .43482
UNDAMAGED SLENDERNESS RATIO = .71435

Notes:

(1)
(2)

(3)

Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

For dented members it is assumed that the maximum stress

the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.
Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-30
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Damage Summary
Specimen #8

A&M Damage Number Damage Description

2 Dent:
Depth = 0.25"
Model Segment Length = S"
Distance from loaded end = 275.57"

Angle from vertical = 64°

*Ang]e from vertical is clockwise from +Z axis
looking from the loaded end toward the opposite end
of the member

Figure 4-33
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* *
* Program DAMAGE %
* *
f' % ***********************************************

TITLE: Specimen #8 - Damage #2

INPUT:
OUTSIDE DIAMETER (in) = 10.750
THICKNESS (in) = .239
LENGTH (ft) = 26.630
EFF. LENGTH FACTOR = .50
YIELD STRESS (ksi) = 39.20
YOUNGS MODULUS (ksi) = 29400.0
DENT DEPTH (in) = .250
HOLE DIAMETER (in) = .000
LAT. DISPL. (in) = .00
RESULTS :
CROSS—-SECTIONAL AREA (sq.in) = 7.89
DENT/HOLE ANGLE (rad) = 5.66630
| AXTIAL ECCENTRICITY (in) = .5631
¢~  REDUCED RAD. OF GYRATION (cu.in) = 3.476
f ' REDUCED ELAS. SECTION MOD. (cu.in) = 15.443
PLASTIFICATION STRESS (ksi) = 12.601
AVG. SQUASH STRESS (ksi) = 36.588
IMPERFECTION PARAMETER = .00021
SLENDERNESS RATIO = 37.36209
EULER BUCKLING STRESS (ksi) = 157.0452
SOLUTION ROOTS (SDCE1l,SDCE2) (ksi) = 205.123 30.517
DAMAGED MEMBER AXIAL CAPACITY (ksi) = 30.517
DAMAGED/UNDAMAGED STRESS RATIO = .77848
UNDAMAGED SLENDERNESS RATIO = .49961

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can'sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-34
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A&M Damage Number

Damage Summary
Specimen #9

Damage Description

No Damage

Figure 4-37
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A&M Damade Number

Damage Summary
Specimen #10

Damage Description

No Damage

Figure 4-40
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A&M Damage Number

Damage Summary
Specimen #11

Damage Description

No Damage

Figure 4-43
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A&M Damage Number

9

12

13

Damage Summary
Specimen #12

Damage Description

Dent:
Depth = 3"
Model Segment Length = 14"
Distance from Toaded end =

Angle from vertical = 135°

Hole:
Diameter = 7.5"
Model Segment Length = 15"
Distance from loaded end

Angle from vertical = 60°

]

Hole:
Diameter = 10.5"
Model Segment Length = 12"
Distance from loaded end =

Angle from vertical = 202°

251"

265.5"

301"

*Angle from vertical is clockwise from +Z axis
looking from the loaded:-end toward the opposite

of the member

Figure 4-46

end
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* *
* Program DAMAGE *
* *
g ™ E T LR R e T S s e I T T T T

TITLE: SPECIMEN #12

INPUT:
OUTSIDE DIAMETER (in) = 12.750
THICKNESS (in) = .35]
LENGTH (ft) = 39.480
EFF. LENGTH FACTOR = .50
YIELD STRESS (ksi) = 60.00
YOUNGS MODULUS (ksi) = 28600.0
DENT DEPTH (in) = .000
HOLE DIAMETER (in) = 10.500
LAT. DISPL. (in) - .00
RESULTS:
CROSS-SECTIONAL AREA (sq.in) = 13.67
DENT/HOLE ANGLE (rad) = 4.26315
AXIAL ECCENTRICITY (in) = 2.4630
~ REDUCED RAD. OF GYRATION (cu.in) = 3.015
£ REDUCED ELAS. SECTION MOD. (cu.in) = 14.640
PLASTIFICATION STRESS (ksi) = .000
AVG. SQUASH STRESS (ksi) = 40.710
IMPERFECTION PARAMETER = .00088
SLENDERNESS RATIO = 71.70803
FULER BUCKLING STRESS (ksi) = 96.7476

SOLUTION ROOTS (SDCE1,SDCEZ2) (ksi) 280.527 14.040

DAMAGED MEMBER AXIAL CAPACITY (ksi) = 14.040
DAMAGED/UNDAMAGED STRESS RATIO = .23400
UNDAMAGED SLENDERNESS RATIO = .78751

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustdin is equal to the plastification
stress. This stress is set equal to zero for hole damage.

{(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-47
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A&M Damage Number

None

None

Dent:

Dent:

Dent:

Dent:

Damage Summary
Specimen #13

Damage Description

Depth = 0.625"

Model Segment tength = 8“

Distance from loaded end = 197.56"
Angle from vertical = 306°

Depth = 1.75"
Model Segment Length = 14“
Distance from loaded end = 185.56"

Angle from vertical = 9*

Depth = 0.75"
Model Segment Length = 9"
Distance from loaded end = 160.56"

Angle from vertical = 324°

Depth = 1.75"

Model Segment Length = 14"
Distance from loaded end = 77.56"
Angle from vertical = 302°

Qut of Straightness:

Direction: -Z

Maximum Deflection = 8.125"
Out of Straightness:

Direction: -Y

Maximum Deflection = 2.25"

*Ang1
looki

e from vertical is clockwise from +Z axis
ng from the loaded end toward the opposite

of the member

Figure 4-50

end



***********************************************

* *

* Program DAMAGE *
£, * *
¥ 3 ***********************************************

TITLE: Specimen #13 - Damage $2,4

INPUT:
OUTSIDE DIAMETER (in) = 12.750
THICKNESS (in) ° = .323
LENGTH (ft) = 24.130
EFF. LENGTH FACTOR = .54
YIELD STRESS (ksi) = 53.70
YOUNGS MODULUS (ksi) = 30000.0
DENT DEPTH (in) = 1.750
HOLE. DIAMETER (in) = .000
LAT. DISPL. (in) = 8.13
RESULTS:
CROSS—SECTIONAL AREA (sg.in) = 12.61
DENT/HOLE ANGLE (rad) = 4.78213
AXTAL ECCENTRICITY (in) = 1.7723
i REDUCED RAD. OF GYRATION (cu.in) = 3.484
! REDUCED ELAS. SECTION MOD. (cu.in) = 18.678
PLASTIFICATION STRESS (ksi) = 3.699
AVG. SQUASH STRESS (ksi) = 41.755
TMPERFECTION PARAMETER = .04029
SLENDERNESS RATIO = 36.86516
EULER BUCKLING STRESS (ksi) = 233.9334
SOLUTION ROOTS (SDCE1,SDCE2) (ksi) = 823.407 12.820
DAMAGED MEMBER AXIAL CAPACITY (ksi) = 12.820
DAMAGED/UNDAMAGED STRESS RATIO = .23873
UNDAMAGED SLENDERNESS RATIO = .47912

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-51
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A&M Damage Number

2,3*%

None

None

Damage Summary
Specimen #14

Damage Description

Dent:
Depth = 0.375" and 0.500" respectively
Model Segment Length = 9"
Distance from loaded end = 184.5"

Angle from vertical = 27°

Dent: :

Depth = 0.25"

Model Segment Length = 5"
Distance from loaded end = 177.5"

Angle from vertical = 342°

Out of Straightness:
Direction: -Z
Maximum Deflection = 3.0"

Out of Straightness:
Direction: Y
Maximum Deflection = 0.50"

*Angle from vertical is clockwise from +Z axis
looking from the loaded end toward the opposite end
of the member

+Both dents occur at the same cross section. The
properties were obtained for a dent with a depth
equal to the summation of the two dent depths. The
angle is the resultant of the two angles.

Figure 4-54



**********************%#***********************

% *
* Program DAMAGE : *
* *

***********************************************

TITLE: Specimen #14

INPUT:

OUTSIDE DIAMETER (in) = 12.750 .
THICKNESS (in) = .295

LENGTH (ft) = 16.750

EFF. LENGTH FACTOR = .50

YIELD STRESS (ksi) = 36.00

YOUNGS MODULUS (ksi) = 29300.0

DENT DEPTH (in) = .500

HOLE DIAMETER (in) = .000

LAT. DISPL. (in) = 3.00
RESULTS:

CROSS-SECTIONAL AREA (sg.in) = 11.54
DENT/HOLE ANGLE (rad) = 5.48174
AXTAL ECCENTRICITY (in) = .8863
REDUCED RAD. OF GYRATION (cu.in) = 4.008
REDUCED ELAS. SECTION MOD. (cu.in) = 24.460
PLASTIFICATION STRESS (ksi) = 7.609
AVG. SQUASH STRESS (ksi) = 32.379
IMPERFECTION PARAMETER = .02123
SLENDERNESS RATIO = 16.11214
EULER BUCKLING STRESS (ksi) =  555.4902
SOLUTION ROOTS (SDCE1l,SDCE2) (ksi) = 960.228 20.337
DAMAGED MEMBER AXIAL CAPACITY (ksi) = 20.337
DAMAGED/UNDAMAGED STRESS RATIO = .56492
UNDAMAGED SLENDERNESS RATIO = .25457

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-55
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Damage Summary
£ Specimen #16

A&M Damage Number Damage Description

6 Dent:
Depth = 0.125"
Model Segment Length = 4"
Distance from loaded end = 241.24"

Angle from vertical = 90°

7 Dent:
Depth = 0.25"
Model Segment Length = 8"
Distance from loaded end = 232.24"

Angle from vertical = 0°

8 Dent:
Depth = 0.25"
Model Segment Length = 6°
Distance from loaded end = 188.24"

Angle from vertical = 0°

' 9 Dent:
£ % Depth = 0.25"
o Model Segment Length = 5"
Distance from loaded end = 179.24"

Angle from vertical = 60°

13 Hole:
Diameter = 1"
Model Segment Length = 2"
Distance from loaded end = 12.24"

Angle from vertical = 90°

None | Out of Straightness:
Direction: -Z
Maximum Deflection = 6.625"

None Out of Straightness:
Direction: +Y
Maximum Deflection = 1.875"

*Angle from vertical is clockwise from +Z axis
looking from the loaded end toward the opposite end
of the member

Figure 4-58
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* *
* Program DAMAGE *
* *
f x R R R s e s S Y R R R R R R L R R Rt R R L RNy

TITLE: SPECIMEN #16

INPUT:
OUTSIDE DIAMETER (in) = 12.750
THICKNESS (in) = .375
LENGTH (ft) = 28.770
EFF. LENGTH FACTOR = .62
YIELD STRESS (ksi) = 49.10
YOUNGS MODULUS (ksi) = 29000.0
DENT DEPTH (in) = .000
HOLE DIAMETER (in) =  .000
LAT. DISPL. (in) = 6.63
RESULTS:
CROSS-SECTIONAL AREA (sq.in) = 14.58
DENT/HOLE ANGLE (rad) = 6.28319
~ AXIAL ECCENTRICITY (in) - .0000
 REDUCED RAD. OF GYRATION (cu.in) = 4.375
f ) REDUCED ELAS. SECTION MOD. (cu.in) - 45.104
PLASTIFICATION STRESS (ksi) = 49.100
AVG. SQUASH STRESS (ksi) = 49.100
IMPERFECTION PARAMETER - .02767
SLENDERNESS RATIO = 39.45556
EULER BUCKLING STRESS (ksi) = 119.6937

SOLUTION ROOTS (SDCE1,SDCE2) (ksi) 278.330 21.115

DAMAGED MEMBER AXIAL CAPACITY (ksi) = 21.115
DAMAGED/UNDAMAGED STRESS RATIO = .43004
UNDAMAGED SLENDERNESS RATIO = .64048

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. FEither
can be assessed in conjunction with bending damage.

Figure 4-59
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A&M Damage Number

2

None

Damage Summary
Specimen #17

Damage Description

Dent:
Depth = 1.375"
Model Segment Length = 12"
Distance from loaded end = 145.04"
Angle from vertical = 18°

Out of Straightness:
Direction: -Z
Maximum Deflection = 4.75"

*Angle from vertical is clockwise from +Z axis
looking from the loaded end toward the opposite end
of the member

Figure 4-62



***********************************************
R4 -

*
*
*

*

Program DAMAGE *

*

%k Kk ke ko ek ok ok Rk kR R R Rk kR Rk ok Rk kR Rk ke Rk ke ok kkkk kkkkkkk

TITLE: SPECIMEN #17

INPUT:

OUTSIDE DIAMETER (in) = 12.750

THICKNESS (in) = .422

LENGTH (ft) = 31.170

EFF. LENGTH FACTOR = .52

YIELD STRESS (ksi) = 49.20

YOUNGS MODULUS (ksi) = 25000.0

DENT DEPTH (in) = 1.375

HOLE DIAMETER (in) =  .000

LAT. DISPL. (in) = .00
RESULTS:

CROSS-SECTIONAL AREA (sq.in) = 16.34
DENT/HOLE ANGLE (rad) = 4.94731
AXIAL ECCENTRICITY (in) - 1.5434
REDUCED RAD. OF GYRATION (cu.in) = 3.589
REDUCED ELAS. SECTION MOD. (cu.in) = 26.177
PLASTIFICATION STRESS (ksi) = 5.589
AVG. SQUASH STRESS (ksi) = 39.928
IMPERFECTION PARAMETER = .00077
SLENDERNESS RATIO = 46.82853
EULER BUCKLING STRESS (ksi) = 124.0512

SOLUTION ROOTS (SDCE1,SDCE2) (ksi)

239.704 22.858

DAMAGED MEMBER AXIAL CAPACITY (ksi) = 22.858
DAMAGED/UNDAMAGED STRESS RATIO = .46460
UNDAMAGED SLENDERNESS RATIO = .62977

Notes:
Hole diameter and dent depth should be measured w/r the

(1)
(2)

(3)

tubular mid-wall diameter.

For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

Dent and hole damage must be evaluated separately.
can be assessed in conjunction with bending damage.

Figure 4-63
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A&M Damage Number

2

None

Damage Summary
Specimen #18

Damage Description

Dent:
Depth = 0.375"
Model Segment Length = 8
Distance from loaded end = 140.46"

Angle from vertical = 53.3°

Dent:
Depth = 0.125"
Model Segment Length = 4"
Distance from loaded end = 85.96"

Angle from vertical = 328°

Dent:
Depth = 0.25"
Model Segment Length = 6"
Distance from loaded end = 70.96"

Angle from vertical = 42.6°

Dent:
Depth = 0.25"
Model Segment Length = 6"
Distance from loaded end = 50.46"

Angle from vertical = 349.3°

Dent:
Depth = 0.125"
Model Segment Length = 4"
Distance from loaded end = 62.96"

Angle from vertical = 53.3°

Out of Straightness:
Direction: -Z
Maximum Deflection = 0.875" ,

*Angle from vertical is clockwise from +Z axis
looking from the loaded end toward the opposite
of the member

Figure 4-66

end
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* *
* Program DAMAGE *
* *
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TITLE: Specimen #18

INPUT:

OUTSIDE DIAMETER (in) = 10.750 L
THICKNESS (in) = .264

LENGTH (ft) = 17.080

EFF. LENGTH FACTOR = .50

YIELD STRESS (ksi) =  34.50

YOUNGS MODULUS (ksi) = 24900.0

DENT DEPTH (in) = .375

HOLE DIAMETER (in) = .000

LAT. DISPL. (in) = .88
RESULTS:

CROSS-SECTIONAL AREA (sg.in) = 8.70
DENT/HOLE ANGLE (rad) = 5.52675
AXTAL ECCENTRICITY (in) = .7006
REDUCED RAD. OF GYRATION (cu.in) = 3.398
REDUCED ELAS. SECTION MOD. (cu.in) = 15.862
PLASTIFICATION STRESS (ksi) = 8.549
AVG. SQUASH STRESS (ksi) = 31.376
IMPERFECTION PARAMETER = .00630
SLENDERNESS RATIO = 21.71841
EULER BUCKLING STRESS (ksi) = 321.8294
SOLUTION ROOTS (SDCE1l,SDCE2) (ksi) = 483.125 22.825
DAMAGED MEMBER AXIAL CAPACITY (ksi) = 22.825
DAMAGED/UNDAMAGED STRESS RATIO = .66159
UNDAMAGED SLENDERNESS RATIO = .32741

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.

(3) Dent and hole damage must be evaluated separately. Either
can be assessed in conjunction with bending damage.

Figure 4-67
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A&M Damage Number

Damage Summary
Specimen #19

Damage Description

No Damage
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A&M Damage Number

Damage Summary
Specimen #20

Damage Description

No Damage

Figure 4-73
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A&M Damage Number

Damage Summary
Specimen #21

Damage Description

Hole:
Diameter = 3"
Model Segment Length = 3“
. Distance from loaded end = 24.96"

" Angle from vertical = 288.4°

*Angle from vertical is clockwise from +7 axis

Tooking from the loaded end toward the opposite end
of the member

Figure 4-76



******************k*#**************************

* *
* Program DAMAGE *
* *
g'”\ ***********************************************

TITLE: Specimen #21 — Damage #7

INPUT:
OUTSIDE DIAMETER (in) = 16.000
THICKNESS (in) = .275
LENGTH (ft) = 22.330
EFF. LENGTH FACTOR = .50
YIELD STRESS (ksi) = 52.20
YOUNGS MODULUS (ksi) = 25900.0
DENT DEPTH (in) = .000
HOLE DIAMETER (in) = 3.000
LAT. DISPL. (in) = .00
RESULTS :
CROSS-SECTIONAL AREA (sg.in) = 13.59
DENT/HOLE ANGLE (rad) = 5.89927
AXIAL ECCENTRICITY (in) = .5085
. REDUCED RAD. OF GYRATION (cu.in) = 5.356
f " REDUCED ELAS. SECTION MOD. (cu.in) = 44.481
PIASTIFICATION STRESS (ksi) = .000
AVG. SQUASH STRESS (ksi) = 49.011
IMPERFECTION PARAMETER = .00081
SLENDERNESS RATIO =  18.01637
EULER BUCKLING STRESS (ksi) =  440.2952
SOLUTION ROOTS (SDCE1l,SDCE2) (ksi) = 518.300 41.634
DAMAGED MEMBER AXIAL CAPACITY (ksi) = 41.634
DAMAGED/UNDAMAGED STRESS RATIO = .79759
UNDAMAGED SLENDERNESS RATIO = .34432

Notes:

(1) Hole diameter and dent depth should be measured w/r the
tubular mid-wall diameter.

(2) For dented members it is assumed that the maximum stress
the dented region can sustain is equal to the plastification
stress. This stress is set equal to zero for hole damage.
(3) Dent and hole damage must be evaluated separately. Either

can be assessed in conjunction with bending damage.

Figure 4-77
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5.0 COMPARISON OF RESULTS

There are several factors affecting the analysis which should be considered
when comparing these results to the full scale tests. Some of the more impor-
tant ones are related to the limitations of the beam-column element used in
the finite element analysis (FEA). These include:

1. Absence of damage growth.
Once numerically defined in the model, the damaged section proper-
ties remain constant. In actuality, a dent or a hole can become
more severe as the bending increases, thereby reducing the overall
strength of the member more than initially assumed. A Norwegian
Institute of Technology report (5) found this factor to be espe-
cially significant in the post-buckling region.

2. Assumption of a single dent shape.
Though the dents in this study came in all shapes and sizes, for
modelling purposes, they were treated the same with only depth and
orientation changing.

Other idealizations include: using the effective wall thickness for the entire
member, neglecting local properties and ignoring longitudinal cracks and other
types of damage. Though necessary to achieve a workable analysis, these
idealizations contribute, in varying amounts, to discrepancies between the
predicted and the actual responses. ‘

A question was raised during the study regarding the use of the modulus of
elasticity (E) calculated by Texas A&M. In all of the computer analyses this
calculated E was used. Texas A&M, in its data reduction used a nominal value
of 29500 ksi for E. It is not believed that this difference is significant in
the results. To demonstrate this, the DENTA-2 results were recalculated by
Shell using 29500 ksi for E instead of the calculated E (which ranged from
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24900 ksi to 30000 ksi). The peak capacities were identical or nearly identi-
cal in every case and the overall force-deformation relationships were practi-
cally the same. These results are shown graphically in Figures 5-1 and 5-2
which are representative of the results for all the specimens.

The basic yardstick by which the analyses and the tests were compared.was the... .. ..

force-deformation curve. When looking at the two curves the important fea-
tures are the initial stiffness, the peak capacity (buckling load) and the
post-buckling region. In most cases, the initial stiffnesses agreed but the
post-buckling curves seldom compared favorably. In all but three of the
tests, the peak capacity was overestimated. The difference ranged from 3% to
76%. The three specimens which underpredicted the capacity did so by an
average of 23%.

The following is a brief description of the results for each specimen and how
the two tests compared:

Specimen 1 Damage included some locally heavy corrosion as
well as one significant dent. The peak capacities
compared well (predicted was 3% greater than
actual) though the post-buckling slopes did not.
In the full scale test, the member experienced
Tocal yielding prior to buckling.

Specimen 2 Aside from some moderate corrosion there was no
significant damage. The peak capacities didn’t
compare well (the predicted was 36% greater than
the test) nor did the post-buckling slope. The
specimen did not buckle until after local yielding
occurred in the full scale test.

Specimen 3 This specimen was described as highly corroded by
the Texas A&M report but no significant dents or
holes were present. The predicted capacity exce-
eded the actual capacity by 40% in this case. The
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Specimen

Specimen

Specimen

Specimen

Specimen

4

5

6

7

8

post-buckling siopes weren’t well correlated. The
member yielded locally prior to buckling in the
full scale test.

The member was bent in one lateral direction but
was otherwise undamaged. The peak capacities dif-
fered by 35% (the predicted capacity was higher).
The post-buckling slopes had relatively the same
shape for this specimen.

The damage here was limited to a single dent near
one end. Only a 7% difference was found in the
capacities (with the analytical prediction the
greater of the two). The analytical post-buckling
slope was relatively flat compared to that of the
test. During the full scale test, the specimen
experienced local yielding prior to buckling.

This specimen was not visibly damaged. The pre-
dicted capacity exceeded the test capacity by only
4%. Also, the post-buckling slopes compared well.

A single dent and 1ight corrosion were the extent
of the damage to the specimen. The analysis
under-predicted the test results by 25%. The
post-buckling slopes didn’t compare well.

The damage to this specimen consisted of a dent
close to the end. A fair correlation was found
between the two peak capacity values. The predic-
tion exceeded the actual value by 16%. The post-
buckling slope was considerably flatter for the
analytical method than for the physical test.
Local yielding occurred prior to buckling in the
full scale test.
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Specimen

Specimen

Specimen

Specimen

Specimen

Specimen

10

11

12

13

14

Widespread corrosion was visible on the specimen.

Good correlation (only a 5% difference) was found

for the peak capacities. The post-buckling slopes
didn’t match well.

There was no significant damage to the member aside . .. . .

from corrosion. The predicted capacity was only 4%
greater than the test value. The post-buckling
slopes in both cases agreed quite well.

This specimen had only corrosion damage. A 13%
difference separated the predicted capacity and the
actual capacity. The post-buckling slope from the
analysis didn’t fall off as quickly as that of the
full scale test.

Two holes and a dent were the extent of the damage
to the member. The two capacities compared well
(only differing by 7%). The post-buckiing slopes
didn’t match well. |

This specimen was damaged by several dents and
widespread corrosion. The predicted capacity was
41% greater than the actual capacity. The two
post-buckling slopes did not correlate well.

Widespread, heavy corrosion as well as dents and
out-of-straightness damaged this member. The peak
capacity was over-predicted by 66%. The two post-
buckling slopes did not match well. There was
evidence of local yielding before the buckling load
was reached in the full scale test.
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(-\ Specimen 16

Specimen 17

Specimen 18

Specimen 19

Specimen 20

This specimen had several dents and was bent in
both Tateral directions. Also, it consisted of two
sections of different thicknesses connected by a
collar. The predicted results didn’t compare well
to the test results (+76%). The shape of the
post-buckling curves correlates somewhat better.

A single dent énd some out-of-straightness comprise
the damage to this member. The two capacities
didn’t compare well (-22%). The post-buckling
regions aren’t well related. "

This specimen showed heavy‘to moderate corrosion
along its entire length as well as denting and
bending. The capacity was under-predicted by 22%.
The predicted post-buckling slope is somewhat flat-
ter than that shown by the physical test. The
member yielded locally before buckling in the full
scale test.

A longitudinal crack was present in the specimen
but was not modelled. Widespread corrosion was
also present. The prediction was in error by 53%
on the high side. The post-buckling slopes showed
better correlation than the capacities. The speci-
men experienced Tocal yielding prior to buckling in
the full scale test.

No dents or holes were found on the specimen. The
analysis predicted a 25% higher peak capacity than
the test results showed. The post-buckling regions
correlated fairly well.
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Specimen 21 A hole was the only damage present in the member.
A longitudinal crack was present but was not mod-
elled. The predicted capacity was 20% higher than
the test capacity. The post-buckling slopes did
not compare well. The specimen didn’t buckle in
the full scale test.

A graphical comparison of these results is shown in Figures 5-3 and 5-4. The
first plot shows the peak capacity predicted by the finite element analysis
against the peak capacity from the full scale test. The diagonal line on the
plot represents where the points would fall if the prediction matched the test
exactly. On average, the peak is overpredicted by 20.1% with a standard
deviation of 25.68%.

Buckling was the assumed mode of failure for the analysis but nine of the
twenty specimens yielded locally so the results are somewhat skewed. To clar-
ify the results, the specimens which buckled were separated from those which
didn’t. When only specimens which buckled are compared, the overprediction
drops to 15.73% (standard deviation = 26.34%). The overprediction rises to
25.44% (standard deviation = 23.79%) when only the non-buckling specimens are
considered.

Figure 5-4 shows, in bar chart format, a comparison of several different
ratios. The finite element analysis (FEA) peak capacity over the full scale
test peak capacity, the DENTA-2 capacity over the test capacity and the FEA
capacity over the DENTA capacity are the three ratios presented. As shown by
this chart, the best correlation is between the two computer methods. This is
not surprising since their solution schemes are somewhat similar. The average
values for the three ratios are also shown on the chart. All specimens are
included here regardless of the mode of failure.

To try to find some pattern to the results obtained in this study, the speci-
mens were divided into groups based on several factors: amount of damage, D/t,
L/r, dent depth over diameter (D4/D) and whether local yielding occurred.

Figure 5-5 is a table of the results separated according to these categories.
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Sorting the specimens in this manner does not show any obvious trends. Some-
times, members with similar damage, D/t and L/r had similar ratios of FEA
capacity to test capacity, at other times they did not. In general, too few
samples from any given category were present to identify a trend.

- To extend this idea of relating predicted results and geometric properties to.. . ..

actual results to discover a trend, a regression analysis was performed.
Using the full scale test capacity as the dependent variable and the beam-
column finite element analysis capacity, the diameter to effective thickness
ratio and the length to radius of gyration ratio (also calculated with the
effective wall thickness) as the independent variables, three formulae were
created for estimating the peak capacity. The first is illustrated in Figure
5-6 and includes all the specimens used in the study regardless of the speci-
men’s mode of failure. The second (Figure 5-7) includes only those members
that buckled during the full scale test. Figure 5-8 shows the last regression
1ine, created with data from the specimens where buckling wasn’t the primary
mode of failure.

The first regression line has the following formula:

P, (kips)=168.83+0.81S5(FEA)-2.874(D/t)-0.315(L/T)

where

P, = Estimated Peak Axail Compressive Load

FEA=Peak Axial Compressive Load from Beam-—-Column FEA
D/t=Diameter to Effective Wall Thickness Ratio

L/r=Length to Radius of Gyratio Ratio

The estimated capacity from this formula exceeds the test capacity by an
average of 4.75% with a standard deviation of 23.76%. Statistically, this
average is valid only for this specific set of twenty specimens. To calculate
the true mean, an infinite number of specimens would have to be tested. But,
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if a normal distribution is assumed for the results, one can estimate the
range in which the true mean would fall. Given these twenty known results and
a normal distribution, there is a 95% probability (100% being certain) that
the true mean for the estimated to actual capacity ratio would fall somewhere
between a 5.66% underprediction and a 15.16% overprediction. This is called
the confidence interval for the mean.

The other two regression lines are shown to demonstrate the better predictive
ability evident if one knows the actual mode of failure for the member. For
the members which buckled during the full scale test the regression line for-
mula is as follows:

P, (kips)=365.61+1.039(FEA)- 12.62(D/t)+0.249(L/T)

The average overestimate for these eleven specimens was 2.77% with a standard
deviation of 22.5%. The 95% confidence interval for the mean falls between
-10.56% (negative indicating a lower-than-actual value) and 16.09%.

For those members that yielded prior to buckling or didn’t buckle during the
full scale test, the regression line formuia is:

P, (kips)=-85.95+ 0.S38(FEA)+4.121(D/t)+0.151(L/T)

This line overestimates the results for nine specimens by an average of 1.65%
(standard deviation 15.5%). The 95% confidence interval for the mean is from
-9.11% to 12.42%. Because determining the mode of failure of a member prior
to testing is difficult, these last two formulae are presented here merely for
comparison.

5-8



L4

(seyoul) uoljewio}a( [eIXY

9't (A% 80
_ _ | | _

v'0

2-v1N3Q buisn

9# uswioadg o} synsay

13 00€8¢C = 3

/.» 1s% 00562 = 3

uoljewlo}ad [BIXY "SA peoT [eIXy

uosuedwon sninpop

L0

¢0

€0

0

S0

9’0

L0

80

6°0

1

(sdix) peoT [elxy

Figure 5-1



Ve

(seyoul) uopewlojed [eIXY

o't A 8'0 LAY
_ _ ! _ _ _ _ _ I

2-VLN3Q Buisn

0l # uswioedg Jo} synssy

183 00652 = 3 /
183 0056 = 3

uojjelwio}a( [BIXY "SA peoT [eIXY

uosuiedwo) sninpon

C

001}

00¢

00¢

oov

00s

009

00.l

008

(sdi) peo] [eIxy

Figure 5-2



(8

(000L X sd])) Ajioede) y3d

60 L0 S0 €0 'O
i | | { | | |
8952°0 = Uojelre( piepuslS B i -
102’} = uesiy ull i
oned 159 /vad . u
1 I~
v EE 3} am_ S
‘ i
0 > LB
il
c —
P i EE& , B ~§
1% g -
13
@ -
[
1

1S9 9|eos |In4 'SA Y34 uwnjo)-wesg

uosiiedwon Ayoede)

C

|0

[AY

€0

0

S0

9’0

L0

8’0

6'0

|

(0001 X sdpy) Ayoede) ysay

Figure 5-3



AN NS IISN NN N SNOSISSSSINNSNSSSNT]

1.201
0.950

Average DENTA/Test = 1.254
Average FEA/DENTA

DN N NN AN NANNN SNNNNN
LN IO SO S (XXX

Axial Capacity Comparison

Average FEA[Test

1.8

1.7 —
1.6
1.5

.

oney Ajoede)

Figure 5-4

12 13 14 16 17 18 19 20 21

9 10 11

8

Specimen Number

077/ FEA/DENTA

X3 DENTA/Test

L

0

o
-
N
<<
23
L




Capacity Comparison Summary

Specimen Test FEA FEA/Test D/t L/r Dq/D
No _dents or holes
10 692 718 1.04 32.9 79.0 -
6 1043 1084 1.04 40.0 68.8 -
9 558 586 1.05 39.1 54.8 -
11 374 424 1.13 30.7 94.5 -
20 550 686 1.25 38.9 94.7 -
4 410 553 1.35 40.6 94.8 -
2* 601 816 1.36 52.0 42.6 -
3* 436 609 1.40 59.0 46.4 -
19* 614 940 1.53 47.3 80.8 -
One_dent or hole

7 548 410 0.75 31.2 108.5 .098

17 420 368 0.88 30.2 85.8 .108

* 424 438 1.03 66.7 37.5 .028

5% 465 496 1.07 59.4 35.5 .028
g* 236 273 1.16 36.7 86.4 .023
21* 549 659 1.20 58.2 55.3 -

Multiple dents and/or holes

12 299 319 1.07 36.3 108.1 -
13 187 263 1.41 39.5 65.9 -
16 218 384 1.76 34.0 78.9 -
18* 262 231 0.88 40.7 48.2 -
14* 198 329 1.66 43.2 45.7 -

s denotes members which experienced local yielding and/or

Figure 5~5

didn’t buckle.
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6.0 Summary and Conclusions

During the course of this project, full scale, axial compression tests were
performed on salvaged, damaged tubular members. A procedure was developed for
the analysis of the effects of in-service damage on tubular member capacity
using both simplified and beam-column finite element (FE) analyses of the
members. ”

The data from the full scale tests were directly compared with the FEA predic-
tions and showed scattered results. For the twenty specimens tested, the
predicted capacity exceeded the actual capacity by an average of 20.1%. Also,
the predicted post-buckling capacity usually exceeded the capacity recorded
during the full scale test. This may be in part due‘to the lack of dent
growth capability in the beam column element.

When a regression analysis was performed on the specimens using the FEA
results, the D/t ratios and the L/r ratios as the independent variables; a
reasonable estimate of the actual capacity was formulated. This provided an
equation that over predicted the peak capacity by an average of 4.75% with a
standard deviation of about 24%.

In studies similar to this one (mentioned in the introduction), the predicted
response of the specimens to axial loading matched well with the actual (test)
response. The members used were new and their characteristics were easily
identifiable. Even the damage, when present,‘was carefully controlled.

Results from this joint industry project do not show the same agreement
between FEA predictions and actual response. The methods used in this project
were based on and verified by valid studies which achieved good results. When
compared to those studies, there are several major differences. These include
the presence of corrosion, multiple damage areas on a single member and irreg-
ular rather than controlled damage shape and condition.
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The scattered results were probably not the result of the irregular damage
shape. A study by C.S. Smith (6) showed that the reduction in strength of a
tubular member due to a dent was insensitive to the shape of the dent.

Multiple damage on a single member does not appear to be a Tikely cause of the
discrepancies either. When re-analysed with only the most significant damage
modelled, Specimen #12 showed the same response as the model which included
all of the damage (see Figure 6-1). Also, the DENTA-2 results, which matched
the FEA results very well, allow only a single damage condition to be mod-
elled. This indicates that, despite multiple damage states, a member can be
modelled as a single damage specimen without dramatically sacrificing results.

Another significant factor was corrosion. 'Corrosion was evident on most of
the members and was the cause of many of the local problems encountered during
the tests. FEight of the twenty members experienced local yielding prior to
buckling. Most of these members had significantly reduced wall thicknesses
(as measured by ultrasonic testing after testing) in the area of the local
yielding. In some cases, the reduction in wall thickness caused the local D/t
ratio to rise above the API (7) limit for local buckling considerations (see
Figure 6-2). The corrosion lends a large degree of uncertainty to the proper-
ties of the entire member and significantly increases the likelihood of local
anomalies.

Despite the problems with quantifying the corrosion damage reasonably, the
regression estimates show good correlation with the test results. With a
larger sample of data points and more accurate computer predictions, this
estimate could be improved. Even so, the confidence interval (defined in the
previous section) for the mean spans a fairly small range, only about 20%.
This means that using the regression line formula created for all twenty spec-
imens within reasonable bounds of D/t and L/r (about 30-70 and 35-110 respec-
tively) can yield reasonable results. It is important to consider that these
results were obtained from member information not readily available from
present offshore inspection techniques. The effective wall thickness and the
actual yield stress of the material used in this study are more exact quanti-
ties than a designer usually has at his disposal.
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As a result of the experimental program the following specific observations
and conclusions can be made: '

1. The behavior of members with multiple forms of damage were generally dom-
inated by one damage site. The origin of the failure mode was generally
located at the dominate damage site.

2. Five specimens (Specimens 04, 13, 14, 16, and 17) had Significant out-of-
straightness damage. This damage dominated the behavior and the ultimate
capacity of these members.

3. Two specimens (Specimens 05 & 21) had large through thickness cracks at a
welded longitudinal seam. The behavior and ultimate capacity of these
members were dominated by this damage.

4., Holes did not dominate the behavior or the ultimate strength of the spec-
imens tested. Only one specimen (Specimen 12) of the nine specimens with
holes, failed at the location of the hole. In the case of Specimen 12,
the hole was actually a 4 x 7.5 inch tear located next to a 6 x 10 x 1.75
inch dent.

5. Seven of the twenty specimens failed by yielding in a region of reduced
cross section caused by severe corrosion damage. The failure region for
six of these seven specimens was not Tocated until after the full scale
tests were performed.

6. The most severe corrosion can occur on the inside surface of the member.
Thus, it is can be extremely difficult to locate and evaluate the most
severely corroded areas using only visual and ultrasonic testing. The
primary indication of this possible condition would be a hole in the
member.

7. Ultrasonic wall thickness measurements tend to over predict the overall

effective wall thickness (as determined from the full scale test data) of
members with corrosion damage. Thirty ultrasonic measurements were taken
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on each of the specimens. For these twenty specimens, the average effec-
tive wall thickness to ultrasonic wall thickness ratio, (teff/tyt)avg>
was 0.93. Further, the data indicates that a lower bound for tefg/tyt
would be approximately 0.80.

8. Seven of the specimens tested failed by yielding in a severely.corroded

region. Additional ultrasonic measurements were taken in these regions
to obtain the net cross sectional area so that an ultimate load based on
yielding, Py14, could be computed. The measured ultimate loads were less
than the computed yield loads for all of these specimens. The Ppeas/Pyld
ratios ranged from 0.75 to 0.89.

9. The experimental, ultimate capacities were compéred with three formulae
for ultimate compressive strength as presented by AISC (API), CSA, and
Cox. For the undamaged member (Specimen 06) the measured and computed.
capacities were nearly equal. The measured, ultimate capacities for all
damaged members were less than the capacities computed by the referenced
formulae. The most significant reduction in strength occurred in members
with Targe initial out-of-straightness damage.

Some future work which might prove useful in developing a more accurate meth-
odology for assessing damage conditions and determining damaged member
strengths include the following:

Large scale members that have been damaged and subsequently repaired by should
be experimentally tested and analytically modelled. These members may be
artificially dented and/or bent, but it is recommended that in-service corro-
sion damage also be evaluated.

The development of a PC based analytical tool which would be more flexible
than the present program DENTA-2 should be considered. The tool could be
developed to handle multiple damage states, more varied end conditions and
repaired members.
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The methods currently used to inspect and assess damaged members should be
further evaluated with emphasis on corrosion. A study which would seek to
develop a rational, consistent system to qualitatively and quantitatively mea-
sure the amount of corrosion on a member and determine how it affects the
overall strength of a member. This would be most useful if it could be based
on present inspection techniques.

The members in offshore platforms are subject to axial and lateral loadings
caused by the dynamic forces of wind and waves. Damaged or repaired members
should be evaluated based on more complex loadings such as combined axial
compression and bending. Further studies could also include complex dynamic
combined loadings and load histories.

A study on the effect of holes on strength could be beneficial. The methods
used in this study were an extension of previous work on dents since Tittle
literature existed during this study specific to hole damage. A recent paper
(8) was presented at the ASCE Structures Congress dealing with hole effects
which should prove useful.
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Local Buckling Effects

Specimen  Diam.  Effective t Reduced t D/te D/ty
(in.) (in.) (in.) - -

1 18.00 0.270 0.265 66.67 67.92

2 18.00 0.346 0.284 52.02 63.38

3 18.00 0.305 0.247 59.02 72.87

5 18.00 0.303 0.307 59.41 58.63

8 10.75 0.239 0.262 44.98 41.03

14 12.75 0.295 0.219 43.22 58.22

18 10.75 0.264 0.261 ' 40.72 40.72

19 16.00 0.338 0.279 47.34 57.35

The specimens listed above yielded locally during the full scale test. The
reduced thickness was measured at the point of yielding after the test using
ultrasound. The first three have D/t ratios greater than 60, the maximum
allowable value (API RP2A 3.2.2a). This indicates a tendency for local
buckling to occur. The following shows the predicted capacity reduction for
these members according the API procedures.

Specimen Normal Reduced Capacity Capacity
Yid. Str. Yid. Str. (col. buckling) (local buckling)
(ksi) (ksi) (kips) (kips)
35.7 35.0 530.27 510.52
43.6 43.2 821.42 670.59
36.6 35.4 608.73 478.74

The column buckling capacity was calculated with the effective thickness and
the normal yield stress. The Tlocal buckling capacity was calculated with the
reduced thickness and yield stress. The AISC Working Stress equations without
the factor of safety were used to calculate capacity. API RP2A equation
3.2.2-4 was used to calculate the reduced yield stress.

Figure 6-2
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SPECIMEN 01



!

DAMAGE SUMMARY

Specimen No. 1

2-14-90
DISTANCE FROM *DISTANCE FROM
END "B" CHALK LINE DESCRIPTION OF DAMAGE
N N WA LEFT RIGHT NN N N O N . .
1. From 0’ to 8" 3/4" longitudinal weld
5-0 1/4"
2. 3'-2" 20" 8" round dent
: (See additional sheets)
3. 4'-7" 10 172" Cut-off, round welded
attachment 3" diameter
I " Eﬂd
/4_Wall/® A
4, 5'-0" 14" Cut-off, round welded
attachment 7" diameter
Eﬂd -_h- " End
3. t—, ) A
78 wall
5. 5'-0 3/4" 3/4" circumferential butt weld
6. 6'-5 1/2" 22" Cut-off, oblong welded
attachment
{
el BT (e
8
iz
7. 7-3" 1/2" Cut-off, round welded
attachment 7" diameter with heavy
corrosion (and small hole)
y .
7 wll T End
5 .JL . A
sSmall corresion hole

*Looking from end “A" towards end "B"



2

DISTANCE FROM

DAMAGE SUMMARY

Specimen No. 1 (continued)

*DISTANCE FROM

END “B" CHALK LINE DESCRIPTION OF DAMAGE
NN A LEFT RIGHT NN N N N N W O W
8. 7'-10 22 1/2" Cut-off, round welded
attachment 9" diameter
£nd —1[9" End
8 3% walil — A
9. 7'-10" 8" Cut-off, round welded
attachment 9" diameter
B ()3 wall - A
10. 7’-10" 6 1/2" Cut-off, round welded
attachment 9" diameter
Eﬂqg{ -—7Q?u E}kﬁ
8 35" wall — A
11. 8’-11" 22" Cut-off, oblong welded
attachment
(1]
Eﬂd 71']"——" 3/8 wall E/ld
B ("t A
"
12. 8'-11" 8" Cut-off, oblong welded
attachment
crdl o+ ~Fwall (|end
B (| 11— A
1/”

*Looking from end "A" towards end “"B"



DAMAGE SUMMARY

~
' Specimen No. 1 (continued)
DISTANCE FROM *DISTANCE FROM .
END “B" CHALK LINE DESCRIPTION OF DAMAGE
N N A N LEFT RIGHT NN N N N N O W W\
13. 9’-2" 3/4" Cut-off, oblong welded
attachment
——— (]
Ef‘A 711 @%Wa“ Eﬂd
-3\ A
Jarz"
14. 97-9 1/4" g9 1/4" Torch hole 2 1/2" long by 3/4"
wide (at widest point)
End St (| End
P ‘;&
B -F A
M _ ZyZ"
15. From §'-1" 20 3/4" 3/4" longitudinal weld
to 17'-0 1/4"
16. 157-2 1/2" 13 172" Cut-off, 1/2" square welded
attachment
17. 17'-0 5/8" 3/4" circumferential butt weld
18. From 17/-1" 15 1/2" 3/4" longitudinal weld
to 19/-7 1/4"

*ooking from end "A" towards end "B"

SOME LOCALIZED HEAVY CORROSION. END B APPEARS THIN (2=.25 in.)

L



DENT CROSS SECTION

Specimen No. __ /
Damage No. Z
! "
Distance from End B 2 — /O

Scale / "=424"

r=%0"

|



DENT CROSS SECTION

Specimen No. 1
Damage No. __ 2 _
Distance from End B 30"

Scale /'=4.24"

Y

]




DENT CROSS SECTION

Specimen No. ___/

Damage No. Y

[} N
Distance from End B 3 —Z2
Scale ["—"‘4"24'




DENT CROSS SECTION

Specimen No. __/

Damage No. Z
Y
Distance from End B_3 —4
Scale /= 424"




DENT CROSS SECTION

Specimen No. __/

Damage No. Z
{ 74
Distance from End B _3 —6
Scale Z"—"%Zéﬁ

r=7.0"




Leff /L.

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP
Specimen 01

0.00 t t t t t { t t t t { t } t
0 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Load Step ’
LOAD AND DEFLECTION vs LOAD STEP
Specimen 01
500 — 0.010
400 + - 0.008
B
300 + -0.006 9
~
C
g
200 + -0.004 8
.. @
Legend o
o+ — Load + 0.002
y - Defl/Length
Q A 4 —t—+—+—+ 0.000
0 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Load Step
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Ultrasound Data for Specimen 1
(All values in inches)

Gauge uT uT

£y No. Thickness Average
0O 0.355
1 0.364
2 0.354
3 0.336
4 0.362
5 0.320 0.348
6 0.293
7 0.353
8 0.327
9 0.253
10 0.275
11 0.302 0.300
12 0.302
13 0.302
14 0.396
15 0.313
16 0.200
17 0.258 0.295
18 0.287
19 0.357
20 0.353
21 0.351
22 0.272
23 0.288 0.318
o 24 0.333
25 0.300
26 0.344
27 0.313
28 0.191
29 0.322 0.301
Overall Average = 0.313

Random Readings near Buckling Point

No. Reading
0.282
0.261
0.225
0.292
0.237
0.292

A W

Random Average = 0.265
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SPECIMEN 02



DAMAGE SUMMARY

Specimen No. 2

2-2-90
DISTANCE FROM *DISTANCE FROM '
END "B* CHALK LINE DESCRIPTION OF DAMAGE
AN LEFT RIGHT LN N N N O O N VO WO WA
1. 3'-4 3/8" 3/4" circumferential butt weld
2. From 4" 3/4" longitudinal weld
3'-4 3/4" to
127-1"
3. 6'-1" 15" Cut-off, oblong welded
attachment ‘
£nd %"woﬂi)"ﬂ'7// End
& ‘ -y A
4. 5'-10" 26" Cut-off, oblong welded
attachment
End nr—®%"w"” End
A 7i_ B
) 5//
5. 67-2" 12 3/4" Cut-off, oblong welded
attachment .
2\ %wall|| £nd
A (71— B
/5"
6. 6°-11" 15" Cut-off, round welded
attachment with 1 1/2" corrosion
hole in center
End  _, +— %wall £nd
A 7'cﬂ65L__ /q
211" dia hole

* ooking from end "A" towards end "B"



g‘“@

DAMAGE SUMMARY

Specimen No. 2 (continued)

End

DISTANCE FROM *DISTANCE FROM .
END "B" CHALK LINE DESCRIPTION OF DAMAGE
AN VAN LEFT RIGHT AN N W W W N W OO WO WA
7.7-1" 27" Cut-off, round welded
attachment
End :IE”QJ“’ End
A |35 wall 5
8. 7'-3" 13 Cut-off, round welded
attachment
End SO Tria |
% wall
9. 7'-9" 4 Cut-off, round welded
attachment
£End 17::  Jia End
B 'wall
10. 12’-1 3/8" 3/4" circumferential butt weld
11. From 24" 3/4" longitudinal weld
12°-1 3/4" to
207-3 1/4"
12. 15’-0" 10" Cut-off, round welded
attachment
é\/ ”p 2 dia (;E/’)d
4 wa /Q
13. 20’-3 5/8" 3/4" circumferential butt weld

*Looking from end "A" towards end “B"



DAMAGE SUMMARY

Specimen No. 2 (continued)

DISTANCE FROM *DISTANCE FROM _
END "B" CHALK LINE DESCRIPTION OF DAMAGE
AN U WA LEFT RIGHT N N W O A O VO WO W W
14. From 5" 3/4" longitudinal weld
20" -4" to ~
22°-1 1/2"
15. From 0’ to 26" 3/4" longitudinal weld
3/_4"

*Looking from end "A" towards end “B"

MODERATE CORROSION



EFFECTIVE LENGTH vs LOAD STEP
Specimen 02

Leff /L

0.50+ L\,

0.00 +———+—+——+—+——+—+—+—A——A—t——
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Load Step

LOAD AND DEFLECTION vs LOAD STEP

200 Specimen 02 0.010
Legend
600 + — Load
~— Defl/Length T10.008
500 +
2 400l 10.008
=
o]
S 300 +0.004
-
200 L2~
; +0.002
100 f ‘
O ---------------------- ! ................................................ ‘_. ......... l l ’ ' : O‘OOO

0 5 101520253035404550556065707580
Load Step

Deflection/Length
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Ultrasound Data for Specimen 2
(All values in inches)

Gauge UT uT
{"ﬁ No. Thickness Average
0 0.371
1 0.370
2 0.394
3 0.396
4 0.395
5 0.367 0.382
6 0.409
7 0.372
8 0.413
9 0.405
10 0.398
11 0.412 0.401
12 0.384
13 0.412
14 0.421
15 0.408
16 0.395
17 0.380 0.400
18 0.438
19 0.367
20 0.365
21 0.440
. 22 0.432
_ 23 0.377 0.403
5”3. 24 0.429
25 0.443
26 0.369
27 0.344
28 0.398
29 0.304 0.381
Overall Average = 0.394

Random Readings near Buckling Point

No. Reading
0.340
0.250
0.242
0.253
0.324
0.300
0.281

Sombd W

Random Average = 0.284



020

_uIDAS
9170 ¢L 0 800 700 000

] i 1 — === i ]
O O O O O O O O
N O s M

O
0]

UIDJ1S SA SS8U1S

| —¢ NIWIOI4S JTISNIL

(1s%) ssang



0¢0

700

000

]

i n ¥ |
o o o O O
+ M N

1

| i
O O
(@ @)

;
O
I~

UIDJIS SA SS241S
Z2—¢ NIWIO3dS FTSNIL

S

O
o8]

(1s%) ssanS



SPECIMEN 03



DISTANCE FROM

*DISTANCE FROM

DAMAGE SUMMARY

Specimen No. 3

DESCRIPTION OF DAMAGE

END "B" CHALK LINE
LN N VAN LEFT RIGHT NN N N O N W \,_\ \
1. From 0’ to 3/4" 1/2* longitudinal weld
4'-2 1/2" (4'-2 1/2" long)
2. 4'-2 172" 1/2" circumferential butt weld
3. From : 26 172 1/2" longitudinal weld (8'-2")
4'-2 1/2" to : :
127-4 1/2"
4, 9"-5" 23" Cut-off round welded bracing
attachment 7 1/2" diameter
) i
%"
3 [}
% wall
5. 10°-3" 4" Cut-off round welded bracing.
attachment 7 1/2" diameter
__-] l "
7%
-
wall
6. 10'-3" 11" Cut-off round welded bracing
attachement 7 1/2" diameter
T .,
772
. I
75 wall
7. 10°-3" 19" Cut-off round welded bracing
attachment 7 1/2" diameter
R "
7%
I
é%g"»voll

*Looking from end "A"

towards end "B"



DAMAGE SUMMARY

Specimen No. 3 (continued)

DISTANCE FROM *DISTANCE FROM ‘ 4
END "B" CHALK LINE DESCRIPTION OF DAMAGE
ANV A LEFT RIGHT NN N N O O W O W WA\
8. 11'-8" 4" Cut-off oblong welded bracing
T ,
%7
{
% Wall —1-
g L 15// !
g, 11’-8" 11" Cut-off oblong welded bracing
4 | N[
| + 7%
[ \
iévvall _—
!_‘ /511 !
10. 11'-8" 18" Cut-off oblong welded bracing
el l"‘\ R ¥ "
]
+ 7%
" "}<::__+__—// .
%wa“ / "
11. 12'-4 1/2" 1/2" circumferential butt weld
12. From 12’- 51/2" 1/2" longitudinal weld
4 1/2" to (8'-2")
20'-6 1/2"
13. 20'-6 1/2" 1/2" circumferential butt weld
14. From 20'- 22" 1/2" longitudinal weld
6 1/2" to (3'-7 7/8")
24’ -2 3/8"

SPECIMEN IS VERY CORRODED!

*Looking from end "A" towards end "B"



Leff /L

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP
Specimen 03

2.50
2.00 +
1.50 +
1.00+ 5
0.50 +
0.00 +—t————p—t—t—t—p——p——t——t——t—t——t—
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 03 4
500 0.020
Legend
— Load
400 t —
Defl/Length 10.015
300+
+0.010
200 1
+0.005
100 -
0 s T e+ 0.000
0 5 10 15 20 25 30 35 40 45 50 55 60 €65 70 75 80

Load Step

Deflection/Length
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Ultrasound Data for Specimen 3
(A1l values in inches)

Gauge UT uT
£ No. Thickness Average

0.313
0.323
0.298
0.300
0.327
0.333 0.316
0.299
0.315
0.336
0.324
10 0.319
11 0.323 0.319
12 0.285

VOO MdWWwEHO

13 0.307
14 0.332
15 0.303
16 0.320
17 0.314 0.310

18 0.240
19 0.339
20 0.279
21 0.341

22 0.313
| 23 0.306  0.303
' : 24 0.295
P 25 0.295
26  0.321
27 0.314
28 0.340

29 0.295 0.310

Overall Average = 0.312

Random Readings near Buckling Point

No. Reading
0.239
0.245
0.259
0.262
0.240
0.249
0.234
0.290
0.264
0.241
0.192

FERE SR

HOoOWVONOWM

s

- Random Average = 0.247
4 A g
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SPECIMEN 04



DAMAGE SUMMARY

Specimen No. 4

straightness information.

*Looking from end "A" towards end "B"

DISTANCE FROM *DISTANCE FROM
END “B" CHALK LINE DESCRIPTION OF DAMAGE
AN N WA LEFT RIGHT NN N N N N U W WV
1. 18/-5" 7 172" Oblong welded bracing attachment
(cut off) X
o [l
% wall N end
End B
A | [12Y2"* ]
c2.17'-3" 7 172" Oblong welded bracing attachment
(cut off)
o “
el (I &end
EQ7C! 7 B
A | [272)
3. 17'-10" 10 3/4" Welded in torch cut
5 1/4" long X 5/8" wide
(circumferential)
4, 17"-0" 3 3/4" Oblong welded bracing attachment
(cut off),////+,.~\\
end 4 N1 End
B X< ) A
Zywall | (7"
5. 18’-9" 3 3/4" Oblong welded bracing attachment
(cut off)
3/4.”Wdu / " Ena/
End g A
B .17
6. 3'-9 172" 17 1/2" 5 1/2" long X 1/2" wide
circumferential weld
The specimen is curved.

See additional page for initial out-of-



out-of-Straightness Measurements
for Specimen 04

" The specimen was initially curved in the yz-plane and
straight in the xz-plane. The following measurements are
in the y-direction.

Distance Distance from out -of
from stringline to straightness
End B top of pipe in y direction
(£ft) (in) (in)

0 3.375 0
1 3.375 0
2 3.4375 ~-0.0625
3 3.5 -0.125
4 3.5625 -0.1875
5 3.625 -0.25
6 3.6875 -0.3125
7 3.8125 -0.4375
8 3.875 -0.5
9 3.9375 -0.5625
10 4 -0.625
11 4.125 -0.75
12 4.1875 -0.8125
13 4.25 -0.875
14 4,375 -1
15 4.4375 -1.0625
16 4.625 -1.25
17 4.6875 -1.3125
18 4.6875 -1.3125
19 4.6875 -1.3125
20 4.625 -1.25
21 4.5 -1.125
22 4.375 -1
23 4.3125 -0.9375
24 4.25 -0.875
25 4.125 -0.75
26 4.0625 -0.6875
27 4 -0.625
28 3.875 -0.5
29 3.75 -0.375
30 3.6875 -0.3125
31 3.625 -0.25
32 3.5625 -0.1875
33 3.4375 -0.0625
34 3.375 0

34.75 3.375 0



Leff /L

Lood (kips)

EFFECTIVE LENGTH vs LOAD STEP
Specimen 04

0.75 -

w

0.50 t
.25 1
0.00 +—+—t—p—tp——Ap——p———p——t—————————
0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 04
500 —
400 4 /
300 +
200 +
- Legend
1 i
100 },,f" — Load
P — Defl/Length

casmons’

rerrresaen™®”
< camrereesssa et

it VARNIAN | f ] [ ] ] 1 [l I 4 1

0.040
10.035

-0.030

{

+0.025

+0.020

il

-0.015
+0.010

+0.005

0 5 10 15 20 25 30 3

Load Step

5 40 45 50 55 60 65 70 75 80

0.000

Deflection/Length
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Ultrasound Data for Specimen 4

Gauge uT uT
No. Thickness Average
0 0.346
1 0.349
2 0.320
3 0.230
4 0.307
3 0.333 0.314
6 0.329
7 0.307
8 0.313
9 0.316
10 0.328
11 0.325 0.320
12 0.344
13 0.341
14 0.357
15 0.332
16 0.307
17 0.323 0.334
is8 0.352
19 0.322
20 0.332
21 0.322
22 0.334
23 0.324 0.331
24 0.334
25 0.325
26 0.337
27 0.340
28 0.352
29 0.354 0.340

Overall Average = 0.328
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SPECIMEN 05



DAMAGE SUMMARY

Specimen No. 5

2-21-90
DISTANCE FROM *DISTANCE FROM ‘
END "B" CHALK LINE DESCRIPTION OF DAMAGE »
NN N LEFT RIGHT NN N N N O W W ¥
. From 0’ to 2 3/4" 1/2" longitudinal weld
2/-9 1/4" From 1/-8" to 2'-4" the seam
is split
. 2"-9 172" 1/2" circumferential butt weld
. 2'-9" 9 3/4" Small corrosion hole
C17-4 172" 16 1/2" | Cut-off, round welded
: attachment, 3" diameter
A (/i wall 7 i =
. 4'-1" 7" Cut-off, oblong welded
attachment
End\ dﬁé" wall() End
A (e B
B /51/
. 4'-5 1/2" 13 1/2" Cut-off, oblong welded
attachment
] n
" % NG{/ Eﬂd
end VT CEE (B
10"
. 4’-6" 1 1/2" Cut-off, oblong welded
attachment
1]
End\ % wau@j; . End
B8 ] A
A

*Looking from end "A" towards end "B"



DAMAGE SUMMARY

Specimen No. 5 (continued)

DISTANCE FROM
END “B"
AV O WA

*DISTANCE FROM
CHALK LINE
LEFT RIGHT

DESCRIPTION OF DAMAGE
LN N N O WO N W W WA ¥

8. 5'-7 1/4" 11/2"

Cut-off, round welded
attachment 9" diameter

Egd 8 1 wall O Q E/'fd

9. 5.7 1/4" 13"

Cut-off, round welded
attachment 9" diameter

End | " End
;} é&;gﬁvvall,522>::1: S{ B

10. 5’-7 1/4" 28"

Cut-off, round welded
attachment 9" diameter with
additional denting

(See additional sheets)

! nd
E;’fd K it SO ({Ea

11. 6-2 172" 5 3/4"

Cut-off, round welded
attachment 7" diameter

End —¥_ Eﬂd
A (| 14 wall ,@ 7 B

12. 6'-6" 16 3/4"

Cut-off, round welded
attachment 3" diameter

é;'cf L End
;} }) Yy wall /Jz)”rﬁ Kg B

*Looking from end “A" towards end "B"



DAMAGE SUMMARY

Specimen No. 5 (continued)

DISTANCE FROM *DISTANCE FROM .
END “B" CHALK LINE DESCRIPTION OF -DAMAGE
AV W VA LEFT RIGHT AN N . N N W W W O W W
13. 6/-11" 1 1/2" | Cut-off, oblong welded
attachment
e
B A
//Il .
| 14. From 17" 1/2" longitudinal weld
2'-9 3/4" to
14’-9 1/2"
15. 12-8 1/4" 17" Cut-off, round welded
attachment 3" diameter .
End End
14" wall ,SD T
16. 14/-9 3/4" 1/2" circumferential butt weld
17. From 11 1/2" 1/2" longitudinal weld
147-10" to
18/-6 1/4" '
18. 177-9 1/2" 16 3/4" Cut-off, round welded
attachment 3" diameter
End 4 4 () end
/) ¥

* Looking from

end "A" towards end “B"



DENT CROSS SECTION

Specimen No. 5

Damage No. _ /0 _

/ "
Distance from End B 5 -2
Scale ("=4.2 4"




DENT CROSS SECTION

Specimen No. 5

Damage No. W/ oNs
Distance from End B 5/~ 4
Scale / *=d 24"

r=9.0"

l'/ CU"L Of“F

| . welded
/4 atf OC./JZe[)T



DENT CROSS SECTION

Specimen No. _A
Damage No. __ /)
Distance from End B _5__I‘Lé_/i

Scale /"'=4,74"

r.: q‘oll

=X



DENT CROSS SECTION

Specimen No. 5

Damage No. _ /O
Distance from End B 5 —7 v
”
Scale / =424

ky

r=90"




DENT CROSS SECTION

Specimen No. 5
Damage No. _ /&

/! A

Distance from End B_5—-8_

Scale /"= 4.24"
4 7/
=30"
-X
BN

3/8l



DENT CROSS SECTION

Specimen No. 5
Damage No. /0

/ ’4
Distance from End B 5 ’/0’
Scale /"= 4.24 “

=49.0"




DENT CROSS SECTION

Specimen No. 5

Damage No. __/0O
4 'Y
Distance from End B _4—90
Scale _/ =4 24"




Load (kips)

¢ 400+

EFFECTIVE LENGTH vs LOAD STEP
Specimen 05

§

i i 3 ] } i { [l ] $ i

0.00

5 10 15 20 25 30 35 40 45 50 55 6

0 65 70 75 80

500

300+

200 1

100 +

Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 05
Legend Fa
— Load -
- Defl/Length o~

S
I 3 $ ] 4 4 1 | I 4 4 Il ]

—+0.010

-0.008

1

+0.006

-0.004

+0.002

0.000

0

0 5 10 15 20 25 30 35 4

T T T

45 50 5
Load Step

60 65 70

80

Deflection/Length
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Ultrasound Data for Specimen 5
(All values in inches)

Gauge . UT uT
No. Thickness Average
o 0.326
1 0.345
2 0.298
3 0.316
4 0.306
5 0.324 0.319
6 0.330
7 0.352
8 0.360
9 0.321
10 0.337
11 0.314 0.336
12 0.338
13 0.340
14 0.344
15 0.301
16 0.328
17 0.342 0.332
18 0.333
19 0.310
20 0.336
21 0.280
22 0.332
23 0.306 0.316
24 0.270
25 0.356
26 0.286
27 0.315
28 0.334
29 0.294 0.309
Overall Average = 0.322

Random Readings near Buckling Point

No. Reading
0.302
0.316
0.318
0.330
0.251
0.259
0.338
0.338

oUW

Random Average = 0.306
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SPECIMEN 06



DISTANCE FROM
END "A"

DAMAGE SUMMARY

Specimen No. 6

*DISTANCE FROM
CHALK LINE DESCRIPTION OF DAMAGE

NN

LEFT RIGHT LN NN NN O O O N Wi

Some minor corrosion pi

|

NO VISIBLE EXTERNAL DAMAGE!

itting on inside wall surface of ring test specimen.

*[ goking from end "A" towards end "B"



EFFECTIVE LENGTH vs LOAD STEP
Specimen 06

2.5
2.0
1.5+
-
>
5904
0.5+
0.0 t t t { t t t t i } } t :
0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 06
1200.0 0.04
... 1 O O O. O L :..f:.":'“
\ 4+0.03
__ 800.0+ ~
0
g
XX
< 600.0+ "\\/\ +0.02
©
o o
9
400.0 + "
Legend 10.01
~00.0 - — Load
—— Defl/Length
0.0 h , et 0.00

10 15 20 25 30 35 40 45 50

Load Step

55 60 65 70

Deflection/Length
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Ultrasound Data for Specimen 6

(All values in inches)

Gauge
No.

WONOA WO

Overall Average

uT

uT

Thickness Average

0.491
0.486
0.471
0.501
0.516
0.511
0.491
0.501
0.501
0.491
0.501
0.496
0.476
0.491
0.516
0.526
0.496
0.481
0.501
0.501
0.491
0.491
0.476
0.486
0.464
0.502
0.496
0.470
0.461
0.453

0.491

0.496

0.497

0.498

0.491

0.474
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SPECIMEN 07



DAMAGE SUMMARY

Specimen No. 7

DISTANCE FROM *DISTANCE FROM .
END “A" CHALK LINE DESCRIPTION OF DAMAGE
LN WA LEFT RIGHT NN N N N O O N W W
1. 5'-10" 12 1/4" C—sectioh welded to pipe
(rectanqular) 6" X 3"
- 2. 117-0" 10 3/4" C-section welded to pipe
(rectangular) 6" X 3"
3. 18’-3 3/4" 3/4" circumferential butt weld
4. 18'-2 3/4" 10" Oblong welded bracing attachment
"
5
END'B' L«
5. 20'-0" 9 5/8" Oblong welded bracing attachment
S .
D ”8” /ﬁ’\ | “
3¥ -+ ﬁ_?—_
g ' g
; END
L IS9F N
6. 20’'-3 3/4" 9" Dent - 8" circular, CROSS —sSecTionN
1 172" deep at center AT & OFDENT
OENT —PROFILE
[t G
.3
ENDO :.J—?- kg"._
“g" A A
" EDGEOF
DeNT
7. 30’-1" 11 5/8" C-section welded to pipe
(rectanqular) 6" X 3"

*Looking from end "A" towards end "B"



DAMAGE SUMMARY

f i | X
’ Specimen No. 7
DISTANCE FROM *DISTANCE FROM .
END "A" CHALK LINE DESCRIPTION OF DAMAGE
AN VAN LEFT RIGHT LN N N O WO W V. W
8. 35’-2" 11 3/8" C-section wered to pipe
(rectanqular) 6" X 3"
9. 19’-2" 21" 6 1/2" diameter circular round
bracing connection,
1/4" wall thick
LIGHT ?ORROSION .
*Looking from end "A" towards end "B"



. 500.01

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP

Specimen 07

Leff /L

1.0 -

0.5t

0.0

1

L i { i

1

5

10 15 20 25 30 35 40 45 50 55 60 65

Load Step

LOAD AND DEFLECTION vs LOAD STEP

Specimen 07

600.0

400.0 -

300.0 -

1

200.0 +

100.0 ~

¥

0. O S

— Load
~—- Defl/Length

Legend

o

grreemcene

e o

y 7
e
amamnae®
aregmnarets et

wesarmesmtn e ™Y " '

P S

0.030

+0.025

- 0.020

-0.013

+0.010

-0.005

0.000

0

5

10 15 20 25 30 35 40 45 50 5

Load Step

60

65

Deflection/Length
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Ultrasound Data for Specimen 7

(All data in inches)

Gauge

UT

UT

No. Thickness Average

VOIS WNEO

Overall Average =

0.377
0.387
0.388
0.382
0.384
0.334
0.369
0.377
0.388
0.384
0.385
0.331
0.369
0.388
0.383
0.389
0.371
0.387
0.370
0.389
0.370
0.380
0.382
0.385
0.389
0.372
0.358
0.386
0.370
0.386

0.377

0.375

0.372

0.381

0.379

0.377
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SPECIMEN 08



DAMAGE SUMMARY

Specimen No. 8

DISTANCE FROM *DISTANCE FROM :
END “"B" CHALK LINE DESCRIPTION OF DAMAGE
NN VA LEFT RIGHT NN N N N O U O . .\
1. 7 1/2° 3/4" circumferential butt weld
2. 3’-8" 6" Dent - 5" diameter with 1/4"

deflection at center
(See additional sheets)

3. See drawing 6 1/2"
for location; .

Cut-off welded attachment "

/"'i wall
O ,// thicknesS
| end A

__q_k7"| [’Z%;‘:

* Looking from end "A" towards end "B"



DENT CROSS SECTION

Specimen No. E

Damage No. Z
Distance from End B 3‘"5 .
Scale |"=2.53"

(=5 375,



DENT CROSS SECTION

Specimen No. ___5__
Damage No. _Z
Distance from End B_2-¢"

Scale 1_”_‘-‘-‘_2_._5 3"

=5,375"



DENT CROSS SECTION

Specimen No. 8
Damage No. Z-

Distance from End B _3 ~7"
Scale /'=2.53"




DENT CROSS SECTION

SpecimenNo. _ 8
Damage No. __Z—___
Distance from End B_3— a"

Scale /"'=7.53"




DENT CROSS SECTION

Specimen No. 8
Damage No. Z-

Distance from End B _3’-—5”
Scale /' = 2.53"




DENT CROSS SECTION

Specimen No. 5

Damage No. Z
Distance from End B 3 {—10 "
Scale [”’-’ 253"

r=5.375"



DENT CROSS SECTION

Specimen No. ______8___
Damage No. __ Z__
Distance from End B _3 /"

Scale |'= 2.53"

- X

=5, 375,



Leff /L

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP
Specimen 08

2.50
2.00 _—|
1.50 +
1.00 +
0.50+ L
0.00 t . t t + t } t f f t
0 5 10 15 20 25 30 35 40 45 S50 55 60
Load ‘Step
LOAD AND DEFLECTION vs LOAD STEP
' Specimen 08
300 0.030
Legend
o509+  — Load 10.025
- Defl/Length 3
200 + +0.020
150 + +0.015
100 - +0.010
50 - . + 0.005
Q : ; - -'~"""""" “““““ 0.000

o 5 10 15 20

Load Step

05 30 35 40 45 50 55 60

Deflection/Length
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Ultrasound Data for Specimen 8

(A1l values in inches)

Gauge

ﬁna No.

WO WNRO

10
11
12
13
14
15
16
17
18
19
20
21
22
23

7~ 24
o 25
26
27

28
29

Overall Average =

T

UT

Thickness Average

0.257
0.277
0.218
0.283
0.299
0.322
0.148
0.388
0.282
0.241
0.397
0.386
0.291
0.293
0.251
0.364
0.348
0.373
0.264
0.361
0.370
0.298
0.265
0.231
0.371
0.360
0.356
0.387
0.403
0.374

0.315

0.276

0.307

0.320

0.298

0.375

Random Readings near Buckling Point

No.

VOO WNE

Random Average =

Reading
0.212
0.280
0.213
0.277
0.224
0.292
0.294
0.249
0.208
0.100
0.335
0.268
0.289
0.366
0.327

0.262
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SPECIMEN 09



DAMAGE SUMMARY

A
P Specimen No. 9

DISTANCE FROM *DISTANCE FROM .

END "B" CHALK LINE DESCRIPTION OF DAMAGE
LN A A\ LEFT RIGHT DN N N O O N O . W W
1. 14’-0 3/8" 3/4" circumferential butt weld
WIDESPREAD CORROSION ON SPECIMEN!
*Looking from end "A" towards end "B"



Leff /L

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP

Specimen 09

2.50
2.00 + 8

1.50 -

1.00 -
0.50 + L/"W"‘—\—-———
0.00 t { { t : f f t i t

O 10 20 30 40 50 60 70 80 90 100 110
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 09
600 -+ 0.030
Legend
spo+  — Load +0.025
—-- Defl/Length
400 + +0.020
300 + +0.015
200 +0.010
100 A +0.005
0 t + { ; ¢ e o t f t 0.000
O 10 20 30 40 50 60 70 80 90 100 110

Load Step

Deflection/Length
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Ultrasound Data for Specimen 9
(All values in inches)

Gauge uT uT

(”% No. Thickness Average
0 0.360
1 0.422
2 0.244
3 0.378
4 0.366

5 0.439 0.368
6 0.422
7 0.449
8 0.278
9 0.460
10 0.422

11 0.456 0.415
12 0.330
13 0.413
14 0.252
15 0.242
16 0.362

17 0.439 0.340
18 0.436
19 0.259
20 0.234
21 0.366
22 0.455

. 23 0.424 0.362
£ 24 0.447
' 25 0.429
26 0.306
27 0.415
28 0.428

29 0.421 0.408

I

Overall Average 0.378
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SPECIMEN 10



DAMAGE SUMMARY

- Specimen No. 10
DISTANCE FROM *DISTANCE FROM _
END “B" CHALK LINE DESCRIPTION OF DAMAGE
N R A LEFT RIGHT [N N N N N N VO O W W\
1. 24'-1/2" 3/4" circumferential butt wéld
2.30'-3 1/2" 12" Welded up torch cuts
1) 3" long X 3/4" wide
2) 4 1/2" long X 1" wide
3. 26'-1" 7 3/4" Small torch gouge (long.)
: 1* long X 1/4" wide X 1/4" deep
4. 26'-6 1/4" 9" Small torch gouge (circum.)
7/8" long X 1/4" wide X 1/4" deep
5. 21’-1" 8 1/2" 2 pits - round
172" diameter X 1/4" deep .
6. 15'-10" 21 1/2" Elliptic welded bracing
5ﬂ~§ (to center) attachment (cut off) éé—v%ffﬁ_
E End 1A
B o]
| 2 [ .__"__
7. 5'-6" 20 7/8" Round welded bracing attachment
(cut off) .
._].._ " .
2% da.
Fi
Y wall i
8. 21’-5 1/2" 7 1/4" Small torch gouge

1 174" long X 1/4" wide
X 1/4" deep

*Looking from end "A" towards end "B"

End
A



Leff /L

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP

Specimen 10

2.0
1.5+

1.0+

0.5 1

0.0 t t } t $ t t { } ¢ $ 4 t t {

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 10
800 0.040
700 + : +0.035
600 1 - 10.030
500 + +0.025
400 + +0.020
300+ +0.015
200+ o~ Legend +0.010
~ — Load
1 -1 .": P T .
00 I - Defl/Length 0005
O I 4 -l-'-‘-“"'"l'.‘—“. I ! 1 : i 1 I 4 O . O O O

5 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Load Step

Deflection/Length
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Ultrasound Data for Specimen 10
(All values in inches)

Gauge

{”} No.

VWCONOOH»WDMWO

Overall Average =

UT

T

Thickness Average

0.430
0.465
0.420
0.458
0.429
0.450
0.464
0.475
0.433
0.441
0.422
0.443
0.457
0.468
0.444
0.449
0.433
0.456
0.457
0.457
0.451
0.443
0.448
0.460
0.426
0.428
0.435
0.489
0.421
0.436

0.446

0.442

0.446

0.451

0.453

0.439
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SPECIMEN 11



DAMAGE SUMMARY

Specimen No. 11

DISTANCE FROM *DISTANCE FROM
END “B" CHALK LINE DESCRIPTION OF DAMAGE
NN WA LEFT RIGHT NN N N N N O O W W
1. 107-1° 3/4" circumferential butt weld
2. 12’-6" 10" 3" diameter, round, welded
bracing attachment (cut-off)
ol
I
i
+
K R
3. 17’-5 1/2" 7 1/4" 3" diameter, round, welded
bracing attachment (cut-off)
Y
"
e 3
l il
4 wall

*ooking from end “A" towards end "B"



Leff /L

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP
Specimen 11

1.00

0.75 t

0.50 +

0.25+

1

3 Kl

k3 }

0.00 —
0 5

400

10 15 20 25

30 35 40 45 50 55

Load Step

LOAD AND DEFLECTION vs LOAD STEP
Specimen 11

60 65 70

350 +

Legend
— Load

300+ — Defl/Length

2350 +
200 A
150 -
100 -

50 A

0

nersennprenaos? N N

bl

0O 5

10 15 20 25 30 35 40 45 50 55

Load Step

]

0.05

10.04

+0.03

-0.02

-0.01

Deflection/Length
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Ultrasound Data for Specimen 11
(A1l values in inches)

Gauge uT uT
No. Thickness Average
o 0.340
1 0.356
2 0.370
3 0.353
4 0.335
S 0.346 0.350
6 0.3583
7 0.351
8 0.360
9 0.344
10 0.346
11 0.348 0.350
12 0.353
13 0.350
14 0.351
15 0.350
16 0.358
17 0.348 0.352
18 0.353
19 0.355
20 0.365
21 0.361
22 0.383
23 0.368 0.364
24 0.357
25 0.367
26 0.358
27 0.365
28 0.367
29 0.376 0.365

Overall Average = 0.356
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SPECIMEN 12



DAMAGE SUMMARY

fﬂ“¥ Specimen No. 12
DISTANCE FROM *DISTANCE FROM
END _“A" CHALK LINE DESCRIPTION OF DAMAGE
NNV NN LEFT RIGHT NN N N N W N N WO .
1. 5'-9 1/2" 1’/-4" C-section welded to pipe
(to_center) {rectangular) 6" X 3"
2. 10’-5" 5 1/2" 7" diameter (round) bracing
(to_center) connection, 5/16" wall thickness
3. 10'-5" 17-3" 7" diameter (round) bracing
(to center) connection, 5/16" wall thickness
4, 10’-9" 1/-3 1/4" | C-section welded to pipe
{to _center) (rectangular) 6" X 3"
5. 17/-11" 5 1/2" 7" diameter (round) bracing
(to center) connection, 5/16" wall thickness
6. 17'-11" 1’-2 174" 7" diameter (round) bracing
(to center) connection, 5/16" wall thickness
2 7. 18'-5" 4 1/2" Oblong welded bracing attachment
. =z 93/4“ .
.-—8- .
A~ —ChalK Line
[}
o / ¢L
2 + o
/ \/ END
END Al
"8“ . ’ll A
| 19= -
8. 20'-7" 4 172" Oblong welded attachment .
o)
Chalk Line 8 _
4l/“ } ‘7
Zi/ -+ \ 16”
D
E;{\éll \ ot EN‘D
T
| /9% _Jl A

*| ooking from end "A" towards end "B"



DAMAGE SUMMARY

Specimen No. 12

DISTANCE FROM *DISTANCE FROM :
END “A" CHALK LINE DESCRIPTION OF DAMAGE
AN N LEFT RIGHT NN N N N N W O
9, 207-11" 1/-4" 4* diameter circular hole
(to center) " '
4 dlbmef‘er
hole
E1liptic dent with center same
as hole-3" deep at hole's edge
10. 217-3 1/4" 5 1/2" 7" diameter (round) bracing
(to_center) connection, 5/16" wall thickness
11. 21’-3 1/4" 1/-3" 7% diameter (round) bracing
(to center) connection, 5/16" wall thickness
12. 22'-1 1/2° 6" Rectangular tear
(to center)
TJear
1" END
5z ‘
END z[ UL
NAM 2
; [ .
4" long dent on bottom of tear,
2 1/4" deep at holes edge
13. 25’-1" 17-4" Rectangular tear
(to center)
END 4” Tear
uBu l” M END
Tz A
On bottom of pipe--dent, 6" long
X 10" wide, on bottom of tear,
1 3/4" deep at holes edge

*Looking from end "A" towards end "B"



DISTANCE FROM

DAMAGE SUMMARY

Specimen No. 12

*DISTANCE FROM

END_“A" CHALK LINE DESCRIPTION OF DAMAGE
AN N WA LEFT RIGHT (NN N N N N O O W W
14. 28'-9" 5" 7’ diameter (round) bracing
(to_center) connection, 5/16" wall thickness
. 15. 28'-9" 1/-3" 7" diameter (round) bracing
(to_center) connection, 5/16" wall thickness
16. 29'-10 1/2" 1/-3" C-section welded to pipe
(to_center) (rectanqular) 6" X 3"
17. 29’-8" 1/-3 1/2" 10" diameter (round) old bracing
(to_center) connection, 3/8" wall thickness
18. 26’'-9 1/4" circumferential butt weld,
(to_center) 5/8" thick
19. 30°-10" 5 172" 20" long, longitudinal weld,
\center of weld/ 5/8" thick
20. 35’-0" 1/-2 3/4" | C-section welded to pipe
(rectanqular) 6" X 3"

* goking from end "A" towards end "B"




Load (kips)

2.5

EFFECTIVE LENGTH vs LOAD STEP
Specimen 12

Leff /L

0.0

400.0

Load Step

LOAD AND DEFLECTION vs LOAD STEP
Specimen 12

350.0 1
300.0 +
250.0+
200.0 +
150.0
100.0 +

50.0 1

0.0 =22

Legend

— Load

Defl/Length

0.030

|

L0.025
L 0.020
L0.015
L0.010

+0.005

0.000

20 30 40 50 60 70

Load Step

80

90

Deflection/Length
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Ultrasound Data for Specimen 12

(A1l data in inches)

Gauge

et No.

VWONONOHDWNEHO

Overall Average =

uT

0.354
0.328
0.342
0.351
0.342
0.357
0.381
0.266
0.321
0.155
0.305
0.276
0.376
0.361
0.356
0.371
0.371
0.366

0.371.

0.376
0.361
0.360
0.371
0.361
0.391
0.381
0.356
0.361
0.366
0.341

0.346

uT
Thickness Average

0.346

0.284

0.367

0.367

0.366
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SPECIMEN 13



DAMAGE SUMMARY

~
o Specimen No. 13
12/20/89
DISTANCE FROM *DISTANCE FROM
END "B" CHALK LINE DESCRIPTION OF DAMAGE
T AN N VA \ LEFT RIGHT (NN N N . WO W W W W §
1. 7/-9" 0’'-6" Dent. See additional sheets.
2. 8'-6" 0'-1" Dent. See additional sheets.
3. 107-9" 0/-4" Dent. See additional sheets.
4, 17'-8" 0'-6 1/2" Dent. See additional sheets.
WIDESPREAD CORROSION OVER ENTIRE SPECIMEN.
| *Looking from end "A" towards end "B"



Out-of-Straightness Measurements
for Specimen 13

The specimen was initially curved in the yz-plane and
in the xz-plane. The following measurements are in
the x-direction.

Distance Distance from out-of
from stringline to straightness
End B top of pipe in x direction
(£t) (in) (in)

o 4.25 (0]
1 4,25 0
2 4.0 0.25
3 4.0 0.25
4 4.0 0.25
S 3.75 0.5
6 3.75 0.5
7 3.625 0.625
8 3.25 1
9 3.125 1.125
10 3.125 1.125
11 3.0 1.25
12 2.75 1.5
13 2.625 1.625
14 2.5 1.75
15 2.5 1.75
16 ) 2.0 2.25
17 1.75 2.5
18 1.75 2.5
19 2.0 2.25
20 2.5 1.75
21 3.0 1.25
22 3.375 0.875
23 3.75 0.5

24.125 4.25 0



out-of-Straightness Measurements
for Specimen 13

The specimen was initially curved in the yz-plane and
in the xz-plane. The following measurements are in
the y-direction.

Distance Distance from out-of

from stringline to straightness
End B top of pipe in y direction

(£t) (in) (in)
4] 3.875 o
1 4.75 -0.875
2 5.25 -1.375
3 5.75 -1.875
4 6.5 -2.625
5 7.25 -3.375
6 8.0 -4.125
7 8.875 -5
8 10.25 -6.375
8.5 12.0 -8.125
9 11.0 -7.125
10 10.125 -6.25
11 9.5 -5.625
12 9.125 -5.25
13 8.875 -5
14 8.5 -4.625
15 8.25 -4.375
16 8.0 -4.125
17 7.5 -3.625
18 7.25 -3.375
19 6.625 -2.75
20 6.375 -2.5
21 5.75 -1.875
22 5.0 -1.125
23 4.375 -0.5
24.125 3.875 0



DENT CROSS SECTION
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DENT CROSS SECTION
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EFFECTIVE LENGTH vs LOAD STEP
Specimen 13
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LOAD AND DEFLECTION vs LOAD STEP
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200 0.040
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LOAD AND ECCENTRICITY vs LOAD STEF

Specimen 13: x Cccentricities from Inflection Points

3 200
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LOAD AND ECCENTRICITY vs LOAD STEP
Specimen 13ty Fccentricities from Inflection Points
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LOAD AND ECCENTRICITY vs LOAD STEP

Specimen 13 x Fccentricities from End Moments

3 200
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Eccentricity (in)

LOAD AND ECCENTRICITY vs LOAD STEF
Specimen 13: y Eccentricities from End Moments
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COMP WALL THICKNESS (IN)

SPECIMEN 13-FULL SCALE TEST
COMPUTED WALL THICKNESS

0.35

\\\Aw\\\\\\h{iasxs::\zuuwxuu“xkv\ﬂ
0.3 K \\I\]\
025 \\§\\\

02
015
01
0.05
0 — T T T T T T T 1
0 40 80 120 160 200
20 60 100 140 180
LOAD (KPS)



Wall Thickness (in/1000)

SPECIMEN 13: WALL THICKNESS

Nominal Wall Thickness = 0.375 in
500
400 +
OO0
® OO ~ .00 OC O
300 + O
200 +
Legend
O Ultrasound
1007 — UT Average
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0 “ | — |
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TENSILE SPECIMEN 151
Stress vs Strain

Stress (ksi)
~
O

[RGB

0.08 0.12 0.16

0.20



Stress (ksi)

TENSILE SPECIMEN 15-72
Stress vs Strain

— N
O O
| ]

Strain

0.20



SPECIMEN 14




DAMAGE SUMMARY

Specimen No. 14

3-3-90
DISTANCE FROM *DISTANCE FROM
END “B" CHALK LINE DESCRIPTION OF DAMAGE
NNV N LEFT RIGHT NN N N N W W N WA
1. 1/-1 1/4" 12" 1/2" g corrosion hole
2. 1'-4" 8" Dent - See additional sheets
3. 1'-4" 2" Dent - See additional sheets
4. 1’-8" 2" Dent - See additional sheets
5. 4'-1" 5 172" 3" x 1/4" cut-off attachment
6. 4’-0" 13" 6" (long) x 3/8" (wide) cut-off
attachment
(Runs circumferentially)
7. 4'-9" 8" Heavily corroded area, 2 small
holes = 1"4, 3/4"¢
8. 4'-11" 3/4" circumferential butt weld
9. 5'-3" 3/4" circumferential butt weld
10. 10’-10" 17 3" x 1/4" cut-off attachment

*Looking from end "A“ towards end "B"

SEE ADDITIONAL SHEETS FOR OUT-OF-STRAIGHTNESS MEASUREMENTS
WIDESPREAD HEAVY CORROSION



out—-of-Straightness Measurements
for Specimen 14

The specimen was initially curved in the yz-plane and
in the xz-plane. The following measurements are in
the x-direction.

IR L]

Distance Distance from out-of
from stringline to straightness
End B top of pipe in x direction
(ft) (in) (in)

0 3.75 0
1 3.875 -0.125
2 3.875 -0.125
3 4.0 . -0.25
4 4.125 -0.375
5 4.25 -0.5
6 4.0 -0.25
7 4.0 -0.25
8 3.875 -0.125
9 3.875 -0.125
10 3.875 -0.125
11 3.8125 -0.0625
12 3.8125 -0.0625
13 3.75 o
14 3.75 0
15 3.75 4]
16 3.75 0
16.75 3.75 )



out-of-Straightness Measurements

for Specimen 14

The specimen was initially curved in the yz-plane and
The following measurements are in

in the xz-plane.
the y-direction.

Distance
from
End B
(ft)

WONOALAWNNEKO

Distance from
stringline to
top of pipe
(in)
3.875
4.375
5.125

5.5
6.0
6.75
6.875
6.5
6.25
5.875
5.625
5.375
5.125
4.75
4.5
4.25
4.0
3.875

out-of
straightness
in y direction

(in)
)
-0.5
-1.25
-1.625
-2.125
-2.875
-3
-2.625
-2.375
-2
-1.75
-1.5
-1.25
-0.875
-0.625
-0.375
-0.125
o)
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DENT CROSS SECTION

Specimen No. (4
Damage No. __ 3

V4
Distance from End B _/ ”“0
! 4
Scale /=3

D

f'=él375”



DENT CROSS SECTION

Specimen No. _[4
Damage No. 243
1
Distance fromEnd B /-2

N "

Scale / =5

. /"
(‘:::é,37—5
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DENT CROSS SECTION

Specimen No. __/ va

Damage No. 2,3, 44
/
Distance from End B /- & ”

V74 i
Scale / =3

r=¢, 275"



DENT CROSS SECTION

Specimen No. _ /<4
Damage No. f
Distance from End B _~ f—,ﬁ ) v
Scale _/'=3 v
V4

O

=¢.375"




T

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP

Specimen 14

2.50
2.00 +
1.50 1
1.00 +
Sl
8 L L L
0.00 +—t+———+—+—4——t————t—— e —————
O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 14
250 0.040
Legend
— Load +0.035
200 1 ...
Defl/Length 16.030
150 + +0.025
+0.020
100+ 10.015
...... +0.010
s+ i
................ +0.005
0 oy 0.000
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Load Step

Deflection/Length
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Ultrasound Data for Specimen 14
(All values in inches)

Gauge
No.

VOO PA~WNRKO

Overall Average =

uT

aT

Thickness Average

0.303
0.356
0.358
0.391
0.263
0.226
0.327
0.389
0.410
0.290
0.301
0.308
0.379
0.397
0.355
0.363
0.364
0.352
0.389
0.455
0.402
0.323
0.360
0.429
0.347
0.242
0.393
0.257
0.236
0.197

0.339

0.316

0.337

0.368

0.393

0.279

Random Readings near Buckling Point

No.

andH WK

Random Average =

Reading
0.247
0.211
0.208
0.235
0.203
0.212

0.219
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SPECIMEN 16



DAMAGE SUMMARY

Specimen No. 16

DISTANCE FROM *DISTANCE FROM
END "B CHALK LINE DESCRIPTION OF DAMAGE
AN N N LEFT RIGHT (NN N N N O N N \

1. 17-6" 9" Rectangular welded attachment

4 (cut-off) 5" long X 3/4" wide
(oriented longitudinally)
2. 4'-6" o" Rectangular welded attachment
(cut-off) 5" long X 3/4" wide
(oriented longitudinally)
3. 6'-8" o Rectangular welded attachment
(cut-off) 5" long X 3/4" wide
(oriented longitudinally)
4. 4'-6" 20" Rectangular welded attachment
(cut-off) 5" long X 3/4" wide
{(oriented longitudinally)
5. 4'-7" 1/2" thick collar welded to pipe
Widest point longitudinally = 24"
Smallest point longitudinally =
18" (See additional page for
sketch and more information)
6. 8'-8" 10" Dent - 3" X 3% with 1/8" depth at
center (See additional pages for
cross_sections)
7. 9'-5" 172" Dent - 8" long by 3 1/2" wide,
1/4" depth at center (See
additional pages for cross
sections)
8. 13’/-1" 0" Dent - 6" X 6" - 1/4" depth at
center (See additional pages for
cross _sections)
9. 13’-10" 7" Dent - 4" long X 5" wide - 1/4"
depth at center (See additional
pages for cross sections)
10. 20'-5 1/2" 0" _ T-section welded to pipe
(cut-off) - 14’ -9" long (See
additional page for sketch)

11. 17'-3 1/2" 0" 5/8" hole (torch hole)
12. 18’-3 1/2" 1/4" circumferential butt weld
13, 27'-9* 10" 1" djameter hole

The specimen is curved in the x- and y- directions. See additional pages
for initial out-of-straightness information.

*L ooking from end "A" towards end "B"



out-of-Straightness Measurements
for Specimen 16

The specimen was initially curved in the yz-plane and
in the xz-plane. The following measurements are in
the x-direction.

Distance Distance from out-of-
from stringline to straightness
End B top of pipe in x direction
(£t) (in) (in)

0 2.125 2.125 0
1 2.5 2.125 -0.375
2 3.25 2.125 -1.125
3 3.75 2.125 -1.625
4 3.875 2.125 -1.75
5 4 2.125 -1.875
6 3.875 2.125 -1.75
7 3.75 2.125 -1.625
8 3.625 2.125 -1.5
S 3.375 2.125 -1.25
10 3.125 2.125 ’ -1
11 3.125 2.125 -1
12 3 2.125 -0.875
13 2.75 2.125 -0.625
14 2.625 2.125 -0.5
15 : 2.75 2.125 -0.625
16 2.625 2.125 -0.5
17 2.625 2.125 -0.5
18 2.5 2.125 -0.375
19 2.375 2.125 -0.25
20 2.375 2.125 ~-0.25
21 2.25 2.125 -0.125
22 2.25 2.125 -0.125
23 2.25 2.125 -0.125
24 2.125 2.125 0
25 2.125 2.125 0
26 2.125 2.125 0]
27 2.125 2.125 0
28 2.125 2.125 it
28.667 2.125 2.125 0



out-of-Straightness Measurements

for Specimen 16

The specimen was initially curved in the yz-plane and
The following measurements are in

in the xz-plane.

the y-direction.

Distance
from
End B
(£ft)

VoAU WNHO

28
28.667

Distance from
stringline to
top of pipe

(in)
2.5
3.25
3.625
4.875
5.5
6.375
7
7.375
7.875
8.5
8.625
8.75
8.875
9.125
9
8.4375
8.125
7.375
7.25
6.875
6.375
6
5.625
5.25
4.875
4.375
3.875
3.75
2.75
2.5

Out-of-
straightness
in y direction
(in)

0]
-0.75
S =1.125
-2.375
-3
-3.875
-4.5
-4.875
-5.375
-6
-6.125
-6.25
~6.375
-6.625
-6.5
-5.9375
-5.625
-4.875
-4.75
-4.375
-3.875
-3.5
-3.125
-2.75
-2.375
-1.875
-1.375
-1.25
-0.25
0



Sloecimen No_ 16
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DENT CROSS SECTION

Specimen No. _/{
Damage No. &
Distance from End B ﬁi‘ Z”

Scale z”'—-‘—‘3”

C=¢ 375"



DENT CROSS SECTION

Specimen No. __/(»
Damage No. &

Distance from End B 8 —5 X
Scale /"'=3"




DENT CROSS SECTION

Specimen No. _(&
Damage No. _ &
Distance from End B _$3 -4 “
Scale /“=3"
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DENT CROSS SECTION

Specimen No. _/{
Damage No. __ & 47
/
Distance from End B _£ ~0"
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Scale /=3




DENT CROSS SECTION

Specimen No. __ /&

Damage No. ___Q:"_7
Distance from End B _ﬁ/:jill

Scale /" =3 g
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DENT CROSS SECTION

Specimen No. _/{»
Damage No. -/

Distance from End B 2/"0 !
Scale /"= 3"
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. DENT CROSS SECTION

Specimen No. _ /&
Damage No. __7

Distance from End B Q' —/ i
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Scale /"=3




DENT CROSS SECTION

Specimen No. e

Damage No. -/

/ol
Distance from End B 9= 2’

Scale /' =3"
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DENT CROSS SECTION

Specimen No. _/&

Damage No. __/
/
Distance from End B ﬁi’;ﬁ:
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Scale /=3 ’




DENT CROSS SECTION

‘Specimen No. __[&

Damage No. __ 7/
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Scale _/ =3 "
y
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DENT CROSS SECTION

Specimen No. &
Damage No. /

. /—_ // {‘ 17 i— V74
Distance from End B 7' —5. ¢ é ) 49-7
Scale /'=3"




DENT CROSS SECTION

Specimen No. [
Damage No. [

Distance from End B_9—58 7

" ol
Scale /' =3
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-DENT CROSS SECTION

Specimen No. _/{
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DENT CROSS SECTION
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Damage No. 5
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Distance from End B /5 )
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Specimen No. /G
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Distance from End B / 3/——[ i
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DENT CROSS SECTION

Specimen No. _/©

Damage No. _ 5
Distance from End B /5 /—,Z”
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Specimen No. __ /(&
Damage No. 9_

Distance from End B /3 L /! “
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DENT CROSS SECTION

Specimen No. __[(_a_

Damage No. 5]
Distance from End B /4. —0"

Scale / =3 "
y-oft
(=¢.375"



Load (kips)

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP
Specimen 16

0.75 W

0.50

Vel

Oy 7s A

Il i 3 i) 3 1 d i 4 H I

Load Step

LOAD AND DEFLECTION vs LOAD STEP

Specimen 16

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

250 0.06
Legend -
— Load

___OO TR Deﬂ/Length T 0.05
- +0.04

is04+ /NS e
P 4 OO:J'

100 + G
......-': T 002
50 T ..—-.-'::.—“;: T O O 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Load Step

Deflection/Length
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Ultrasound Data for Specimen 16
(All values in inches)

Gauge

f‘g No.

WO H WN O

Overall Average =

UT

UT

Thickness Average

0.356
0.358
0.370
0.397
0.367
0.383
0.352
0.340
0.380
0.394
0.349
0.319
0.321
0.280
0.286
0.328
0.290
0.255
0.305
0.302
0.291
0.314
0.267
0.271
0.499
0.486
0.488
0.497
0.486
0.479

0.360

0.372

0.356

0.293

0.292

0.489
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SPECIMEN 17



DAMAGE SUMMARY

Specimen No. 17

DISTANCE FROM *DISTANCE FROM
END “B" CHALK LINE DESCRIPTION OF DAMAGE

ANV LEFT RIGHT LN N N U L O N N W W
1. 4'-8 3/4" 3/4" circumferential butt wé]d(
2. 197-1¢ 2" 8" diameter dent (Round)

(center) (See additional pages for cross
sections)

The specimen is curved. See additional page for initial out-of-

straightness information.

*Looking from end “A" fowards end “B"



Oout-of-Straightness Measurements
for Specimen 17

The specimen was initially curved in the yz-plane and
straight in the xz-plane. The following measurements
are in the y-direction.

Distance Distance from Out-of-
from stringline to straightness
End B top of pipe in y direction
(ft) (in) (in)
0 3.875 0
1 4 -0.125
2 4.25 -0.375
3 4.5 -0.625
4 4.75 -0.875
S 5 -1.125
6 5.187% -1.3125
7 5.375 -1.5
8 . 5.5 -1.625
S 5.6875 -1.8125
10 5.875 -2
11 6.0625 -2.1875
12 - 6.25 -2.375
13 6.4375 -2.5625
14 6.625 -2.75
15 6.75 -2.875
16 6.9375 -3.0625
17 7.125 -3.25
18 7.375 -3.5
Begin dent 18.583 7.625 -3.75
' 19 8.5 -4.625
. bent center 19.083 8.625 -4.75
End dent 19.5 7.625 -3.75
20 7.375 -3.5
21 6.875 -3
22 6.5 -2.625
23 6.25 -2.375
24 5.9375 -2.0625
25 5.625 -1.75
26 5.3125 -1.4375
27 4,9375 -1.0625
28 4.625 -0.75
29 4.375 -0.5
30 4 -0.125
31 3.875 0

31.167 3.875 0



DENT CROSS SECTION

Specimen No. _{ 7
Damage No. z
/
Distance from End B /5 //f /

Scale /= 3"
Y,
=6, 3375 g



DENT CROSS SECTION

Specimen No. _| /
Damage No. Z
Distance from End B /8 /)"

/"

Scale /=3
7/\ I
Wk
\
NN
- X
=6.375"



DENT CROSS SECTION

‘Specimen No. _ [/
Damage No. _ Z

/ "
Distance from End B Zﬁ —//
Scale /=3 "

r=¢ 375"

!



DENT CROSS SECTION

Specimen No. __[ 7/

Damage No. Z
Distance from End B /20"

P
Scale /“"=3

F=¢ 375"



DENT CROSS SECTION

Specimen No. ___f:_/__

Damage No. =z
/ /
Distance from End B _&Ll

"n__ L
Scale /" =3

1



DENT CROSS SECTION

Specimen No. __/ 7
Damage No. 2
/4
Distance from End B ZQ’I'Z

Scale 1”23”
Y
) %
| /7/5
— — \
AN
r=¢.375"



DENT CROSS SECTION

Specimen No. [T

Damage No. Z.
/ Y/
Distance from End B _/9—3

/. !
Scale /=3

(=6.375"



DENT CROSS SECTION

Specimen No. 177

Damage No. _ Z
"
Distance from End B zﬁ/~4

e =1
Scale /"=3

W

l

l
L

o

/

(=¢.375"
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DENT CROSS SECTION

Specimen No. _/ /
Damage No. Z

/ /4
Distance from End B /7—5

Scale /'=3"
\/ il
i / 1/4
~ -
r=¢.375"



DENT CROSS SECTION

Specimen No. _| 7

Damage No. __Z
;L
Distance from End B Zi. —5
Scale /"= 3"
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=375 "
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Load (Lins

EFFECTIVE LENGTH vs LOAD STEP

Specimen 17

1.00
Q.75+
0.50 1
0.00 + t } t t } t } { t } +
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 17
20 0.040
+0.035
450 +
+0.030
<np 4 +0.025
+0.020
207 10.015
004 e Legend 10.010
o — Load 10.005
.......................... o e Defl /Length
O ...... ¥.,...... .4-...1... [ O OOO
O 5 10 1520253035404550556065
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Deflection/Length
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Eccentricity (in)
I
o~

LOAD AND ECCENTRICITY vs LOAD STEP

Specimen 17: y Eccentricities from End Moments
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100
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COMP WALL THCKNESS (N)

SPECIMEN NO 17-FULL SCALE TEST
COMPUTED WALL THICKNESS

0.5

— —

O.u \

0.2

0.1

0 # _ _ I _ I !
55 100 150 200 250 300 350 400 430

LOAD (KPS)



Wall Thickness (in/1000)

SPECIMEN 17: WALL THICKNESS
Nominal Wall Thickness = 0.500 In

600
500 60 600goe o000 0000606060600
400 4
300 +
500 + Legend
O Ultrgsound = Ring Test
100 + — UT Average e Full Scale
0 — - | | |
0 5 10 15 - 20 25 30

Strain OQCQm Locations
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Stress (ksi)

TENSILE SPECIMEN 171

Stress vs Strain

80

00 +

|

40 -

304

20 -
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10 -

0.00

0.04

0.16

0.20



Stress (ksi)

TENSILE SPECIMEN 17-2

Stress vs Strain

n
O
1
L

Strain

C

0.16

0.20



SPECIMEN 18




B

- DAMAGE SUMMARY

Specimen No. 18

2-28-90
DISTANCE FROM *DISTANCE FROM
END _"B" CHALK LINE DESCRIPTION OF DAMAGE
- OV NN LEFT RIGHT NN N N N N O O W . W

1. 5'-1" 2" Dent - 6" long x 4" wide '
1/4" deep at center

2. 5'-4 172" 5" Dent - 4" long x 8" wide
3/8" deep at center

3. 9/-11" 3" Dent - 2" long x 2" wide
1/8" deep at center

4. 11’-2" 4" Dent - 5" long x 6" wide
1/4" deep at center

5. 11’-3" 1" Dent - 2" long x 2" wide
1/8" deep at center

6. 12’-10 1/2" 1" Dent - 2" long x 2" wide
1/4" deep at center ,

7. 11’-10" 5" Dent - 4" long x 2" wide . -
1/8" deep at center

8. 8'-8 1/2" 1/2" circumferential butt weld

*Looking from end "A" towards end "B"
WIDESPREAD MODERATE TO HEAVY CORROSION .
SEE ADDITIONAL SHEETS FOR DENT PROFILES AND OUT-OF-STRAIGHTNESS




out-of-Straightness Measurements
for Specimen 18

The specimen was initially curved in the yz-plane.
The following measurements are in the y-direction.

Distance
from
End B
(ft)

WONOUAEWNHO

Distance from
stringline to
top of pipe

(in)
3.625
3.75
4.0
4.125
4.1875
4.375
4.375
4.375
4.375
4.5
4.375
4.375
4.3125
4.25
4.125
4.0
3.875
3.625

out-of
straightness
in y direction

(in)
0o
-0.125
-0.375
-0.5
-0.5625
-0.75
-0.75
-0.75
-0.75
-0.875
-0.75
-0.75
-0.6875
-0.625
-0.5
-0.375
-0.25
0




DENT CROSS SECTION

Specimen No. __ /5 _
Damage No. ___/_____
Distance from End B £~

Scale .L”:__g__ 53"

M=5,375%




DENT CROSS SECTION

Specfmen No. _/ 5

Damage No. /

4 /
Distance from End B < —// !

‘ "
Scale / Z2,53




DENT CROSS SECTION

Specimen No. _ /8

Damage No. /<4 Z
! 14
Distance from End B_5—/

I} {
Scale /' = 253’

i

V4 N
//\/

r=5,%75"



DENT CROSS SECTION

Specimen No. _ /5

Damage No. /42
’ i
Distance from End B _5 —3

/7
Scale / "= 7 5. 3




DENT CROSS SECTION

Specimen No. /&

Damage No. _/<+Z
Distance from End B 5% 44

Scale /'=2.53"

"




DENT CROSS SECTION

Specimen No. _ /&
Damage No. __ 2

Distance from End B 5-¢7

Scale _/ '=2.53"




DENT CROSS SECTION

Specimen No. _ /8 -
Damage No. Z.

s
Distance from End B 5 —7
Scale / =753




DENT CROSS SECTION

Specimen No. _ /5
Damage No. __ 3

/ Y/
Distance from End B ﬁ:l&/
Scale /'=2,53"




DENT CROSS SECTION

Specimen No. __ /8

Damage No. %,
/ /7
Distance from End B 7 —//
Scale /=2.53"

’/5“\)/

r=5.375"



DENT CROSS SECTION

Specimen No. _ /&

Damage No. 3
Distance from End B /{2,—'52 d
Scale / '— 753"




DENT CROSS SECTION

Specimen No. __/ g

Damage No. é

Distance from End B _/0 "

"_.

Scale /' =2.53"




DENT CROSS SECTION

Specimen No. __/5___

Damage No. ___i__
Y
Distance from End B JL’:Q_/_

Scale [ "=2.53"




DENT CROSS SECTION

Specimen No. __/8

Damage No. +<5

Distance from End B //—2"
" /7
Scale /'=2.53

N

=5,375"




DENT CROSS SECTION

Specimen No. _ /&
Damage No. 445
Distance from End B //—3 !

Scale /"'=2.53"




)

DENT CROSS SECTION

Specimen No. _ /&5
Damage No. £45
Distance from End B _// L4 !

Scale /'=2.53"




DENT CROSS SECTION

Specimen No. _ /5
Damage No. +
Distance from End B_//—5”

Scale / = 2.53"

=5, 375"




DENT CROSS SECTION

Specimen No. /8
Damage No. (’a

/4
Distance from End B /Z~F"
Scale / "= 7,537

r=5s, 375”




DENT CROSS SECTION

Specimen No. __ /8
Damage No. Q

I
Distance from End B /Z ngé_
Scale /= 2.53"

(=5.375"



DENT CROSS SECTION

Specimen No. _[;8_
Damage No. ,___@_____
Distance from End B /3 /’Q 7

Scale /=2, 53"

=5,375%




DENT CROSS SECTION

Specimen No. _ /£

Damage No. 7/
/ /!
Distance from End B // — Z ,
Scale 1”32, 5z

=5, 375"



DENT CROSS SECTION

Specimen No. zé

Damage No. 7

Distance from End B Z/ L f 4
Scale [”iZ_LS‘ 37




DENT CROSS SECTION

Specimen No. __/2
Damage No. __7/

Y,
Distance from End B //—/0

Scale /'=2.53"

r=5.375"




DENT CROSS SECTION

Specimen No. _1_8___
Damage No. _l__
Distance from End B /[ =//"

Scale /'=2,53"




DENT CROSS SECTION

Specimen No. 18
Damage No. __ 7/
Distance from End B /Z LQ 4

Scale /'=2.53 d

F:537§“




EFFECTIVE LENGTH vs LOAD STEP
Specimen 18

0.50 +
0.00{::::::::%:::}‘
. 0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
‘ {r-\}_ Load Step
| LOAD AND DEFLECTION vs LOAD STEP
Specimen 18
300 0.020
o) 4
250 lo.016
__ 200~ Legend
et — Load 710.012
‘2 s+ o~ o Defl/Length  {
S +0.008
— 100+
50 10.004
O ?}{"}"’;"'z'"’fg '"'".: : - : : ' : 0.000
0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Load Step

Deflection/Length




LOAD vs CHORD SHORTENING

Specimen 18

Load (kips)
o0
O

|

]

0 “
0.00 0.2

5 0.50

0.75 1.00 1.25
Chord Shortening (in)

i,

C

1.50

1.75 2.00



Load (kips)

HORIZONTAL DISPLACEMENTS
Specimen 18

300
250 +
200 +
1950 -+
V Legend
100 + @
............... _IOO 1
N — Loc 2
............... Loc 3
0 | | | 2
—4 -3 —2 - ’ |
Horizontal Displacements (in)




VERTICAL DISPLACEMENTS
Specimen 18

500
250 +
200+
n
R
X
— 150+
-
s L nd
— 100+ L
............... Loc ]
N — Loc 2
............... Loc 3
0 “ : _ “ ﬂ
—4 -3 —2 - ’ |
Vertical Displacements (in)




Eccentricity (in)

LOAD AND ECCENTRICITY vs LOAD STEP

Specimen 18: x Eccentricities from Inflection Points

16 500
Legend
14+ — Load ,
P Average %o 250
s End A | |
\_ O ] °© WSQ w 1 NOQ
8 -
0 - + 150
o
21 e T 1100
O R ..A.,.w.mw.waéo.oe.oo.&.mbpbbDbbbbpbbvpbm.w@wmbbbvouobmrl @O
— )
..lb. | | | ! b { { i | { ! | ] O

Load Step

C

O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 /5
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Ultrasound Data for Specimen 18
(A1l values in inches)

Gauge UT UT
f”ﬁ§ No. Thickness Average
o 0.365
1 0.361
2 0.251
3 0.413
4 0.363
5 0.251 0.334
6 0.360
7 0.384
8 0.332
] 0.328
10 0.356
11 0.292 0.342
12 0.338
13 0.360
14 0.313
15 0.278
16 0.350
17 0.306 0.324
18 0.289 ‘
19 0.362
20 0.377
21 0.331
22 0.354
23 0.318 0.339
oy 24 0.231
‘ 25 0.325
26 0.276
27 0.353
28 0.321
29 0.269 0.296
Overall Average = 0.327

Random Readings near Buckling Point

No. Reading
0.230
0.278
0.244
0.298
0.256

(S0~ O 0 o

Random Average = 0.261
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SPECIMEN 19



DISTANCE FROM

*DISTANCE FROM

DAMAGE SUMMARY

Specimen No. 19

END "B" CHALK LINE DESCRIPTION OF DAMAGE
NN LEFT RIGHT NN NN N N N N N N
1. 34’-3"" 4" 70" split in seam
(longitudinal crack)

Specimen is corroded!

*Looking from end "A“ towards end "B"
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Ultrasound Data for Specimen 19
(All values in inches)

Gauge UT uT
g”} No. Thickness Average
‘ ‘ ¢) 0.273
1 0.285
2 0.338
3 0.379
4 0.322
5 0.339 0.323
6 0.371
7 0.351
8 0.305
o 0.371
10 0.358
11 0.361 0.353
12 0.371
13 0.369
14 0.303
15 0.383
16 0.383
17 0.355 0.361
18 0.360
19 0.363
20 0.309
21 0.367
22 0.372
23 0.350 0.353
24 0.372
ﬁnw 25 0.369
26 0.193
27 0.383
28 0.379
29 0.325 0.337
Ooverall Average = 0.345

Random Readings near Buckling Point

No. Reading
0.305
0.277
0.285
0.298
0.287
0.288
0.206
0.284

oMb WK

i

Random Average 0.279
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SPECIMEN 20



DAMAGE SUMMARY

o Specimen No. 20
DISTANCE FROM *DISTANCE FROM
END “B" CHALK LINE DESCRIPTION OF DAMAGE
AN VA W LEFT RIGHT N N N O N O O N O W
1. 18°-10" 13" Oblong welded bracing attachment
(cut off) m—r £ d’
é?k?cf 10" 7
M B
S
3/8 wall i 123{4“ !
2. 17¢-5" 13" Oblong welded bracing attachment
(cut off) —
ZE}?C{ K)" é;fkd
A, AR
35 wall 24| —
3. 107-10 3/4" 17" 2" dia., 1/4" wall, round bracing
attachment (cut off)
4, 25'-6 5/8" 17 1/4" 2" dia., 1/4" wall, round bracing
attachment (cut off)

* Looking from end "A" towards end "B"




Leii /L.

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP

Specimen 20
2.5
2.0
157
1.0 1
9.5+
0.0 t f t ; : t t t t : —rt f
0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Load Step
LOAD AND DEFLECTION vs LOAD STEP
Specimen 20
600 0.030
500 + +0.025
400 + +0.020
300 + +0.015
200 + Legend 10.010
— Load
oL Defl/Length 10.005
Q ez N e — 0.000
O 5 10 15 2 25 30 35 40 45 50 55 60 65 70
Load Step

Deflection/Length
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Ultrasound Data for Specimen 20
(All values in inches)

Gauge UT uT
No. Thickness Average
0 0.350
1 0.352
2 0.352
3 0.362
4 0.351
5 0.351 0.353
6 0.368
7 0.293
8 0.349
9 0.358
10 0.340 0.342
11 0.337
12 0.347
13 0.337
14 0.350
15 0.355 0.345
16 0.359
17 0.315
18 0.354
19 0.354
20 0.343 0.345
21 0.344
22 0.348
23 0.349
24 0.354
25 0.330 0.345

0.346

I

Overall Average
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SPECIMEN 21



DAMAGE SUMMARY

Specimen No. 21

1/8/90
DISTANCE FROM *DISTANCE FROM
END "“B" CHALK LINE DESCRIPTION OF DAMAGE
AN W WA LEFT RIGHT LN N N O W N O WA WA
1. From 8 1/2" 51/4" Longitudinal crack in pipe
to 1/-9 1/2" (About 1/8" opening at surface)
2. From 1/- 5 1/4" Longitudinal crack in pipe
10 1/2" to (small)
31_1"
3. From 8'-8" 5 1/4" Longitudinal crack in pipe
___to 10-11" (About 1/8" opening at surface)
4. From 11’-3" 5 1/4" Longitudinal crack through pipe
to 14"- (About 1/8" split through the
11 1/2" pipe surface)
5. From 15’-5" 5 1/4" Longitudinal crack through pipe
to 19’-10" (About 1/8" split through the
- pipe surface)
6. 19/-11 1/4" 172" circumferential butt weld
7. 20°-3" 10" 1" diameter corrosion hole with a
surrounding 2" x 3" area with
very thin walls. )
Very +Hiin wd\\s
T
/" Jiameter hole

*Lgoking from end "A" towards end “B"



Leff /L.

Load (kips)

EFFECTIVE LENGTH vs LOAD STEP
Specimen 21

2.50

2.00 -

1.50 +

(G}
(@]
J
L

N

i L [l k3 1 H i H

] i

5 10 15 20 25 30 35 40

Load Step

LOAD AND DEFLECTION vs LOAD STEP
Specimen 21

45 50 55 60 65 70

T

73

80

0.005

. Legend
— Load
Def!/Length

sed

$ i 1 b : i 4 | s

-0.004

-0.003

-0.002

+ 0.001

0.000

0

= 10 15 20 25 30 35 40 45 50 55

Load Step

70 75 8

0]

Deflection/Length
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Ultrasound Data for Specimen 21
(All values in inches)

Gauge UT UT
fﬂ\ No. Thickness Average
Ty
” " 0 0.272

1 0.250
2 0.257
3 0.284
4 0.277
5 0.279 0.270
6 0.302
7 0.301
8 0.278
9 0.264
10 0.307
11 0.315 0.294
12 0.203
13 0.303
14 0.299
15 0.302 _
16 0.310
17 0.320 0.290
18 0.319
19 0.315
20 0.300
21 0.294
22 0.305
- 23 0.291 0.304
) 24 0.303
B 25 0.303
' 26 0.253
27 0.283
28 0.293
29 0.315 0.292
Overall Average = 0.290
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APPENDIX B

COMPUTER CODE FOR DISPLACE PROGRAM



PROGRAM DISP

Y 2222223333 58 2 22 ¢
* Scott Mocehlman *
* PMB —~ Program *

* June 20, 1989 *
kkhkkkkhkhhkkhkhrhkik

PROGRAM DESCRIPTION
THIS IS A PROGRAM TO COMPUTE CHORD SHORTENING, LOAD, AND
RESULTANT HORIZONTAL AND VERTICAL DISPLACEMENTS.

PAPEFaae e P R R R NN R R RN R R R R RN R AL R EESA AN RS A A A

DESCRIPTION OF THE VARIABLES

A(I,J) = oosoee.RESULTANT HORIZONTAL DISPLACEMENT
BO = ,4ee00«DISTANCE FROM WEB TO STRAIN GAUGE
B{(I,J) = <e+eo0+.RESULTANT VERTICAL DISPLACEMENT
C(J) = 4eeeee.ORIGINAL HORIZONTAL DISPLACEMENT
CAL(I) = ..e.e..CALIBRATION FACTORS

CS(I) = eeee...CHORD SHORTENING AT TIME I

CSX(I,J) = <es..CHANGE IN X DUE TO CHORD SHORTENING
CSY(I,J) = <....CHANGE IN Y DUE TO CHORD SHORTENING
D(I,J) = <eeeee.CHANGE IN "HORIZONTAL®" DISPLACEMENT
DGA(I) = <+«ee+.CHORD SHORTENING D.G. CORR. AT A

DGB(I) = «eeee0..CHORD SHORTENING D.G. CORR. AT B
E(J) = 4eeese«ORIGINAL VERTICAL DISPLACEMENT
F(X,J) =

= .......DISTANCE FROM WEB CENTER TO GAUGE
INERX = +..e...MOMENT OF INERTIA ABOUT X-AXIS
INERY = 4eeeo+.MOMENT OF INERTIA ABOUT Y-AXIS
L(I) = ..ee0e..DISTANCE TO HORIZ AND VERT POTS

ID(I,J) = «see..INPUTTED LOADS FROM LOAD FRAME
LENGTH = .......ORIGINAL LENGTH OF PIPE

IOAD(I) = ......TOTAL APPLIED LOAD AT TIME I

MOD = ,4.e..MODULUS OF ELASTICITY OF LOAD FRAME
N = ,,.....NUMBER OF DATA STEPS

SP(I,J) = .eoo.+LONGITUDINAL STRINGPOT READINGS

eeesess CHANGE IN “VERTICALY" DISPLACEMENT .
TIME(I) = ......TIME AT READING I .

TITLE = 4.0400+DESCRIPTION OF PIPE

U(T) = cueese. LOCATION OF HORIZONTAL LOAD RESULT
V(I) T Leeeees LOCATION OF VERTICAL LOAD RESULTANT
W(I) = 4sess0+.DISTANCE FROM CENTER OF FRAME TO LEG.
X(I,J) = «.0....HORIZONTAL POT READINGS .
Y(I,J) = eeeese.VERTICAL POT READINGS .

.
-
*
.
.
-
-
.
.
-
.
-
.
-
.
.
- HO
-
.
.
-
-
-
-
-
.
Y
-
.
)
-
-
.
.

© € 6 5895 60 60905 9980608880668 080609 090 ECI0EEOEIOCESIOSIOTIOSIOCSEIOEOTIOIOITCTIOSCOSTS

000000AAN0000NNNANNaNNNNNNNNNNNNNNNNANAAAANONAD

VARIABLE DECLARATIONS

IMPLICIT REAL (A-H,0-2)

REAL A(150,3),B(150,3),C(3),D(150,3),E(3),B0O,HO,CAL(9),
1 F(150,3),SP(150,3),TIME(150),X(150,3),¥(150,3),CS(150),
1 LOAD(150) ,LENGTH,L(3),CSY(150,3),CSX(150,3),LD(150,9),
1 MOD, INERX,INERY,U(150),V(150),W(3),DGA(150),DGB(150)

INTEGER N

CHARACTER TITLE*30



anaono

O 0000000 nNn

nonoanon (eNeNeNe N?)

AN n0n

INPUT DATA WITH SUBROUTINE DATAIN

CALL DATAIN(LENGTH,L,TIME,TITLE,SP,X,Y,LD,C,E,CAL,MOD,
1 INERX,INERY,BO,HO,W,DGA,DGB,N)

WRITE INPUT DATA TO FILE "“SPEC##.INP

OPEN FILE FOR OUTPUT

OPEN (UNIT=7, FILE='SPEC.INP', STATUS='UNKNOWN')

DO 100 I = 1,N
WRITE (7,1000) TIME(I),SP(I,1),SP(I,2),SP(I,3)
100 CONTINUE
WRITE (7,950)
DO 110 I = 1,N
WRITE (7,1010) X(I,1),¥(I,1),X(I,2),¥(I,2).X(I,3),
1 Y(I,3)
110 CONTINUE
WRITE (7,950)
DO 120 I = 1,N
WRITE (7,1020) LD(I,1),LD(I,2),LD(I,3),LD(I,4),LD(I,S)
120 CONTINUE
WRITE (7,950)
DO 130 I = 1,N
WRITE (7,1030) LD(I,6),LD(I,7),LD(I,8),LD(I,9)
130 CONTINUE

COMPUTE CHORD SHORTENING, LOAD, AND CORRECTED READINGS

CALL CHORDS (LENGTH,L,LD,TIME,SP,X,Y,LOAD,CS,CSX,CSY,C,
i1 D,E,F,DGA,DGB, N) .

COMPUTE LOAD RESULTANT

CALL LOCAT(LD,CAL,MOD, INERX, INERY,BO,HO,U,V,W,
1 TIME, LOAD,CS,TITLE,N)

COMPUTE "RESULTANT" HORIZONTAL AND
VERTICAL DISPLACEMENTS

CALL RESULT(A,B,C,D,E,F,N)



nooa (e EeNeXe Ko Ne! e NeRe K2 Ke)

(oNeNeNeNo N

noanon

o0

——— . —— - -

FORMAT STATEMENTS

950 FORMAT (°* !
1000 §°RMA$ g: :,F9.2,',',F9.5,',',FQ.S,',‘,FQ.S)
1010 FORMA

i1 *,',F9.5)
1020 FORMAT (' °
1030 FORMAT (' °*

END

,F9.5,%,',F9.5,',',F9.5,',*,F9.5)

SUBROUTINE DATAIN

SUBROUTINE DATAIN(LENGTH,L,TIME,TITLE,SP,X,Y,LD,

1 CcaL,MOD, INERX, INERY, BO,HO,W,DGA,DGB,N)
PURPOSE: INPUT PROBLEM DATA

DECLARE VARIABLES
IMPLICIT REAL (A-~H,0-2)

,F9.%,,!',F9.5,%,!,F9.5,*,!',F92.5,',*,F9.5,

,F9.5,!',',F9.5,',',F9.5,%,',F9.5,',',F9.5)

C,E,

REAL SP(150,3),TIME(150),X(150,3),¥(150,3),CAL(9),MOD,

1 LENGTH,IL(3),LD(150,9),C(3),.E(3),INERX,INERY,BO,

1 W(3),DGA(150),DGB(150)
INTEGER N
CHARACTER TITLE*30

OPEN FILES FOR INPUT

OPEN (UNIT=1, FILE='LSP.DAT', STATUS='OLD')
OPEN (UNIT=2, FILE='HVP.DAT', STATUS='0OLD')

READ IN PROBLEM TITLE, PIPE LENGTH, DISTANCE TO
VERT POTS, AND INITIAL POT EXTENSION.

READ (1,*) TITLE

READ (1,*) N

READ (1,*) LENGTH, L(1), L(2), L(3)

READ (1,%*) C(1), E(1), C(2), E(2), C(3), E(3)
READ (1,*) MOD,INERX,INERY,BO,HO

READ (1,%*) W(1),W(2),W(3)

READ IN CALIBRATION FACTORS
pos5sJ=1,9

READ (1,*) CAL(J)
S CONTINUE

HO,

HORIZ AND



a0

nanaoan

0

e NoNeNeNeKe!

.LON0000

NnnoaoOonn

10

15

READ TIME, POT DISPLACEMENTS, AND LOADS.

po 10 I = 1,N :
READ (1,*) TIME(I),SP(I,1),SP(I,2),SP(I,3),DGA(I),
1 DGB(I)
READ (2,*) X(I,1),¥(I,1),X(I,2),¥(I,.2),X(T,3}).¥(1,3)
CONTINUE
CLOSE (UNIT=1)
CLOSE (UNIT=2)

OPEN FILES FOR INPUT

OPEN (UNIT=3, FILE='LOAD1.DAT', STATUS='OLD')
OPEN (UNIT=4, FILE='LOAD2.DAT', STATUS='OLD')

Do 15 I =1,N
READ (3,*) LD(I,1),LD(I,2),LD(I,3),LD(I,4),LD(I,5)
READ (4,*) LD(I,6),LD(I,7),LD(I,8),LD(I,9)

CONTINUE

CLOSE (UNIT=3)

CLOSE (UNIT=4)

RETURN

END

SUBROUTINE CHORDS

SUBROUTINE CHORDS (LENGTH,L,LD,TIME,SP,X,Y,LOAD,"
1 cs,csx,csy,c,D,E,F,DGA,DGB,N)

PURPOSE: COMPUTE CHORD SHORTENING, LOAD, AND HORIZ.
AND VERT READINGS MINUS CHORD SHORTENING EFFECTS.

DECLARE VARIABLES

IMPLICIT REAL (A-H,0-2)

REAL LENGTH,L(3),LD(150,9),TIME(150),

1 sSPp(150,3),%X(150,3),Y(150,3),LOAD(150),CS(150), -

1 csx(1s0,3),CSY(150,3),C(3),D(150,3),E(3),F(150,3),
1 THETA(2,3),R(3),DGA(150) ,DGB(150)

INTEGER N

COMPUTE CHORD SHORTENING, LOAD, AND CHORD
SHORTENING EFFECTS AT TIME I.

DO 20 X .
CS (1) -(SP(I,1)+SP(I,2)+SP(I,3))/3)—DGA(I)—DGB(I)
LOAD(IX) (LD(I,1)+LD(I,3)+LD(I,4)+LD(I,6)+LD(T,7)

1 +LD(I1,9))/2

N

]

I~

20 CONTINUE
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DO 30 I = 1,N
Do 30 J = 1,3
R(J) = CS(I)*(LENGTH-L(J))/LENGTH

THETA(1,J) = ATAN(R(J)/C(J))
THETA(2,J) = ATAN(R(J)/E(J))

CSX(I,J) = C(J)*((1/COS(THETA(1,J)))~-1)
CSY(I,J) = E(J)*((1/COS(THETA(2,J)))-1)

D(I,J) = X(I,J) - CSX(I,J)
F(I,J) = ¥(I,J) - CS¥(I,J)

30 CONTINUE

RETURN
END

SUBROUTINE LOCAT

SUBROUTINE LOCAT(LD,CAL,MOD,INERX,iNERY,BO,HO,U,V,W,
1l TIME,LOAD,CS,TITLE,N)

PURPOSE: TO COMPUTE THE LINE OF ACTION OF THE LOAD

DECLARE VARIABLES

IMPLICIT REAL (A-H,0-Z)

REAL LD(150,9),CAL(9),MOD,INERX,INERY,BO,HO,U(150),P(3),
1 V(150).,THEE(3),S(3) ,ALPHA(3),BETA(3) ,W(3),EX(3) ,E¥(3),
1 TIME(150),LOAD(150),CS(150)

INTEGER N

CHARACTER TITLE*30

OPEN FILES FOR OUTPUT

OPEN (UNIT=8, FILE='SPEC1.0UT', STATUS='UNKNOWN')

WRITE (8,*) TITLE
WRITE (8,2010)

COMPUTE THE LOCATION OF THE LOAD RESULTANT
DO 60 I = 1,N
COMPUTE THE RESULTANT LOCATION FOR EACH LEG

IF (LD(I,6)+LD(I,4).fQ.0) THEN

EX(1) = O
EY(1) = O
ELSE
EX(1l) = -(LD(I,5)/(CAL(5)*30.6)-LD(I,6)/(CAL(S6)
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1 #30.6)) *INERY/ (BO* (LD(I,6)+LD(I,4)))
EY(1) = (LD(I,5)/.(CAL(5)*30.6)~LD(I,4)/(CAL(4)

1 %30.6) ) *INERX/ (HO* (LD(I,6)+LD(I,4)))
ENDIF
IF (LD(I,1)+LD(I,3).EQ.0) THEN
EX(2) = O
EY(2) = O
ELSE
TEX(2) = -(LD(I,2)/(CAL(2)*30.6)-LD(I,3)/(CAL(3)
1 #30.6) ) *INERY/ (BO* (LD(I,1)+LD(I,3)))
EY(2) = (LD(I,2)/(CAL(2)*30.6)-LD(I,1)/(CAL(1)
1 #30.6) ) *INERX/ (HO* (LD(I,1)+LD(I,3)))
ENDIF
IF (LD(I,7)+LD(I,9).EQ.0) THEN
EX(3) = O
EY(3) = O
ELSE
EX(3) = -(LD(I,7)/(CAL(7)*30.6)-LD(I,8)/(CAL(8)
1 *30.6) ) *INERY/ (BO* (LD(I,7)+LD(I,9)))
EY(3) = -(LD(I,8)/(CAL(8)*30.6)~LD(I,9)/(CAL(9)
1 *30.6) ) *INERX/ (HO* (LD(I,7)+LD(I,9)))
ENDIF

DETERMINE THE ANGLE THEE FOR LEGS 2 AND 3

THEE(2) = ATAN(EY(2)/(W(2)-EX(2)))
THEE(3) = ATAN(EY(3)/(W(3)+EX(3)))

FIND THE DISTANCE FROM THE RESULTANTS IN LEGS
2 AND 3 TO THE CENTER OF THE LOAD FRAME

]

s(2)
S(3)

W(2)~EX(2)/COS(THEE(2))
W(3)+EX(3)/COS(THEE(3))

COMPUTE X AND Y COMPONENTS OF DISTANCE TO CENTER
ALPHA(1) = X(1) AND BETA(1l) = Y(1)

ALPHA(1) = EY(1) .
BETA(1) = W(1) - EX(1)
ALPHA(2) = -5(2)*COS(.5236-THEE(2))

BETA (2) = ~5(2)*SIN(.5236-THEE(2))
ALPHA(3) = S(3)*COS(.5236~THEE(3))
BETA(3) = ~S(3)*SIN(.5236-THEE(3))

COMPUTE THE LOAD IN EACH LEG

P(1) = (LD(I,4)+LD(I,6))/2
P(2) = (LD(I,1)+LD(I,3))/2
P(3) = (LD(I,7)+LD(I,9)}/2

DETERMINE THE RESULTANT LOAD LOCATION

U(I) = (p(l)*ALPHA(1)+p(2)*ALPHA(2)+9(3)*ALPHA(:)}/
1 (P(1)+P(2)+P(3))
V(I) = (P(1)*BETA(1)+P(2)*BETA(2)+P(3)*BETA(3))/
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1 (P(1)+P(2)+P(3))

WRITE OUTPUT TO FILE

WRITE (8,2020) TIME(I),LOAD(I),U(I),V(I),CS(I)

60 CONTINUE

0 0O Noaoaoaan

2010 FORMAT (° ‘,'“TIME“',',','"LOAD“',',',‘"Xr“',',',
1 teypent 1 ¢ 1WCHORD SH" ') '
2020 FORMAT (' ',F9.2,',',F9.4,%,',F9.5,',',F9.5,',',F9.5)

(9]

RETURN
END

SUBROUTINE RESULT

SUBROUTINE RESULT(A,B,C,D,E,F,N)

PURPOSE: COMPUTE RESULTANT HORIZONTAL AND VERTICAL
DISPLACEMENTS

aaooaOnN 00000

DECLARE VARIABLES

IMPLICIT REAL (A-H,0-2)

REAL A(150,3),B(150,3),C(3),D(150,3),E(3),
1 F(150,3),P(150,3),Q(150,3),2(150,3),K(2)
INTEGER N

COMPUTE THE RESULTANT HORIZONTAL AND VERTICAL DISPLACEMENTS

OPEN FILES FOR OUTPUT

OPEN (UNIT=9, FILE='SPEC2.0UT', STATUS='UNKNOWN')

WRITE (9,2025)
WRITE (9,2030)

DO S1I=1, N

K(1) = 0

K(2) = 0

DO 50 J = 1,3

P(I,J) = =F(I,J)**4=4*E(J)*F(I,JT)**3+(=4*E(J)**2
+2#D(I,T) **2+4%C(J) *D(I,T)+4*C(J) ¥*2) #F (I,T) **2+(4*D(I,J) **2
+8%C(J) *D(T,JT)+8*C(J) **2) *E(J) *F(I,JT)+(4*D(I,T) **2
+84C(JT) *D(I,T) +4*C(JT) **2) ¥E(JT) **2-D(I,JT) **4~4*C(J) *D(I,JT) **3
—4*C(J) **2*D(I,JT) **2

e

Q(1,J) = ~F(I,J)**2-2%E(J) *F(X,J)+2*D(I,J) *F(I,J)
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1 +2%C(J)*F(I,J)+2*D(I,JT) *E(J)+2%C(J) *E(JT) =D (I,T) **2-2*C(J)
1 *D(I,J)

2(I,J) = F(I,J)**2+2*E(J)*F(I,J)+2*D(I,J)*F(I,J)+2*C(J)
1 *F(I,J)+2*D(I,J)*E(J)+2*C(J)*E(J)+D(I,J)**2+2*C(J)*D(I,J)

IF (P(I,J).LT.0) THEN

A(I,T) ==((~C(J)*F(I,JT)*#*2-2*C(J)*E(J)*F(I,J)

1 =2%C(J) *E(J) #*24C(J) *D(I,T) **2+2%C(J) *#*2*D(I,T) )/ (2*E(J) **2

1 +2%C(J) **2))

K(1) = 1

ELSE

A(I,J) = =((E(J)* SQRT(~F(I,J)**4=4*E(J)*F(I,J)**3+ (~4*E(J)**2
+2*D(T,JT) **2+4*C(J) *D(I,JT)+4*C(J) **2) *F(I,JT) **2+(4*D(I,J) **2
+8%C(J) *D(I,J)+8*C(J) **2) *E(J) *F(I,JT)+(4*D(I,JT) **2
+8*C(J) *D(I,T)+4*C(JT) **2) *E(J) *#2-D(I,JT) **4—-4*C(JT) *D(I,JT) **3
—4*C(J) **24D(X,T) **2) ~C(J) *F(I,JT) **2~2*%C(J) *E(J) *F(I,J)
~2%C(J) *E (J) *#*24C(JT) #D(I,T) **2+2*C(JT) **24D(X,T) )/ (2*E(JT) **2
+2%C(J) *%2))

ENDIF

T

IF (Q(I,J) LT.0.0R.Z(I,J).LT.0) THEN

B(I,J) = —((E(J)*F(I,J)**24+2%E(J)**2*F(I,J)+(~-D(I,J)**2-2*C(J)
1 *D(I,J)-2*%C(J)**2) *E(J) )/ (2*E(J) **2+2*C(J) **2))
K(2) = 1
ELSE
B(I,J) = =((C(J)*SQRT(~F(I,J)**2-2%E(J)*F(I,J)+2*D(I,J)*F(I,J)
+2%C(J) *F(I,JT)+2*D(I,T) *E(J) +2*C(JT) *E(JT) -D(I,T) **2-2*C(J)
*D(I,J)) *SQRT(F(I,J) **2+2*E(J)*F(I,J)+2*D(I,J)*F(I,JT)+2*C(J)
*F(I,J)+2%D(I,J)*E(J)+2%C(J) *E(J)+D(I,JT) **2+2*C(J)*D(I,T))
+E(J) *F(I,J) **242%E(J) **2%F (I,JT)+(~D(I,J) **2=2%C(J) *D(I,J)
—2*%C(J) **2)*E(J) )/ (2%E(J) *¥*2+2*C(J) **2))
ENDIF

e

50 CONTINUE

WRITE OUTPUT TO FILE

IF (X(1).EQ.1.0R.K(2).EQ.1) THEN
WRITE (9,2040) A(I,1),B(I,1),A(I,2),B(I,2),A(I,3)

1 .B(I,3)
ELSE
WRITE (9,2050) A(I,1),B(I,1),A(I,2),B(I,2),A(I,3)
1 .B(I,3)
ENDIF

51 CONTINUE

2025 FORMAT (' %)
2030 FORMAT (' ¢, ‘*“HORIZ 1"*',',','“VERT 1"',',','"HORIZ 2"'

1 ""’I"VERT 2II"I’ ,'"HORIZ 3“' ",.“VERT 3"')
2040 FORMAT (' ',F9.5,',¢,F9.5,',',F9.5,%,7,6F9.5,,¢,F9.5,
1 ', U, F9.5,%,1, )
2050 FORMAT (' ',F9.5,',',F9.5,',',F9.5,",',F9.5,',',F9.5,

1 ', F9.5)



RETURN
END



APPENDIX C

DERIVATION OF FORMULATION FOR COMPUTED STRAIN
AND DISPLACEMENT FROM MEASURED STRAIN
AND DISPLACEMENT DATA



At any location on the test specimen, the strain:may
be expressed as a function of the specimen curvatures and
the coordinates of the location. This relationship may
be written as:

e = ~yk,(2) - xk,(2) + C (C-1)

where: € = total strain at a point in the specimen

X,y.,2z = coordinates of point

2

k, = curvature about the specimen x-axis = g-g
z

. . d3x

k, = curvature about the specimen y-axis = 2z
z

C = strain due to axial load, constant for a given

axial load, P.

The curvature for a buckled member can be written
as: |
kx=Acos[-1E(z-—-2L-')]+Bsin[—gz(z—é'.)] (C-2)
where: A,B = constants
L = length of specimen
L, = distance between inflection points (locations
of zero moment). |
The "effective length" of a buckled member can then be
computed as the distance between inflection points
divided by the length of the column, or (L./L). The y-

axis curvature was related to the x-axis curvature using
the relationship:

k,(z) = rk,(z) . (C-3)
Ax(2)
where: r = ————
Ay (2)
and Ax(2) = measured x displacement at or near

midspan



Ay(2) = measured y displacement at or near
midspan.

The constants A,B,C and L, were determined to provide the

least-square error to the 30 measured strains (e,).

Substituting Egq. C~-3 into Eq. C-1 results in:

e = -(y + rx) k,(z) + C. (C-4)
Eg. C-2 can also be written as:
k, = A cosy + B siny (C-5)
= X (z- L
where ¢ = Le(z 2).

Substituting Eg. C-5 into Eq. C-4 results in an
expression for computing the total strain:
€ =-(y + rx) (A cosy + Bsiny) + C. (C-6)

Subtracting the calculated strain, &, from the measured
strain, e,, at each gage location results in the fit
error, EFIT, or:

EFIT =€, - €. (C-7)
The total error of the data fit was computed by summing

the square of the errors of all individual measurements:

£ =) I[EFIT(i)]? ’ (C-8)

i=1,n

where: n = number of measured strains.

Eg. C-8 is an expression of the error, &, which was
minimized to obtain the best fit to the measured strains.
Typically n = 30, however strain readings from gages in a
yielded region, i.e. - gages with [e,| > 3000, and
readings which were statistical outliers were excluded
from the data fit. To determine the statistical

outliers, the strain error for each gage with &, < 3000

was computed at each data step. The average and the
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standard deviation of these strain errors were also
calculated at each data step. Any gage with a strain
error greater than 2 standard deviations from the average
strain error was considered a statistical outlier and was
eliminated from the data for that load step.

The constants A,B,C and L, were determined to
calculate the strain at a given location at each load
step. To obtain the best fit for the measured strains,
L, was varied from 0.32L to 2.00L. This corresponds to
an effective length between 0.32 and 2.00 which were
believed to be acceptable lower and upper bound values
for the end conditions in this study. For each value of
L,, the constants A,B and C were computed that resulted
in the least-square error. This error was then compared
to the error for the other values of L,. The L, that
resulted in the minimum least-square error was determined
to be the effective length of the specimen for that load

step. Values for L, were determined at all data steps.

In order to obtain the least-square error, the
partial derivative of the error, &, was taken with
respect to the constants A4,B, and C and set equal to
zero. This results in three equations:

98 a(-e) _

=% = 2 Y EFIT * T 0

—g% =2 X EFIT * (y + rx)cosy = 0 (c-9)
98 _ 9(-e) _

5 = 2 Y EFIT * 5 0

Q€ 2 X EFIT % (y + rx)siny = 0 (c-10)



9% _, Y grrT « 9€) _ 0

aoc ac

o8 _ 1) = c-
G 2 Y EFIT * (-1) = 0 (C-11)

which can be solved simultaneously to obtain A,B, and C.
Substituting Eq. C-6 into Eq. C-7 results in an
expression for EFIT:

EFIT =€, + (y + rx) (A cosy + B siny) - C. (C-12)

Substituting Eg. C-12 into Eq. C-9 gives:
m,A + m,B+ m,C=a (C-13)
where: m, = X(y; + rx,)? cos?{,
m, = X (y; + rx,)? s-inq:i cosy ;
my = - X (y; + rx;) cosy,
a = -Xe, (y;+rx;) cosy,.
Similarly, substituting Eq. C-12 into Eq. C-10 gives:
myA + my,B + m,,C = a, (c-14)

1l

where: m,, m,

my, = X (y; + rx;)? sin?y

my, = - X (y; + rx;) siny,

a, = -Xe, (y;+rx;) siny,.

Finally, substituting Eq. C-12 into Egq. C-11 gives:

My A + My,B + my,C = a, (C-15)
where: my;, = mj,
My = Iy
my; = n
a = Xe,.
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Writing Egs. C-13, C-14, and C-15 in matrix form:

m, my, m, A =3
My, My My, B = \a; (C-16)
yy M3 Iy ¢ a,

Applying Cramer's Rule to Eg. C-16 the unknown constants
are obtained by:

= 2 2 2
det = my;m,,Mmyy + 2mM,m My ~ Myaly, ~ MMy, - My,

= 1 2
4= det [aymyamyy + @pmysmyy + @M ,myy — aymgy = amy,myy ~ aym,,m,,]
= 1 )
B= det (aymysmyy + @My + asmymy - a,m,my, — amiy ~ aym, m, ]

1 2
et laym,my; + a,m,m, + a;m,m,, - a3y, = MMMy, ~ ayMy,]

If the strain gages are evenly spaced around the
circumference of the specimen and if all gages are
included, then m,; = m,, = 0 so that C = a,/n.

The curvature about the x and y-axis was calculated using
Eg. C-5 and C-3.

The expression for curvature was integrated twice to
determine the deflection of the specimen due to bending.
Integrating Eq. C-2 twice and applying the bodhdary
conditions, £(0) = 0 and £(L) = 0, results in:

~Lg (L nt (L % -2
e 3 -
f(z) = — k.(z) - A cos T (-é-)] + B sin I (—2—) — (C-17)
2
where: f(z) = y-deflection at location z from origin of

coordinate systen.

It was observed during the full scale testing that a
hinge often forms at some location along the specimen.
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Thus, a rigid body component was included in the total
deflection expression. The total deflection at any
location on the specimen was then calculated as:

Ax(z) = rf(z) + B,g(2) (C-18)

and
Ay(z) = £(2) + B,g(z) (C-19)
where: B, and B, = constants equal to the rigid body

deflections at the point of hinging
in x and y-directions, respectively
g(z) = function relating the hinging location and

any location on the specimen

£ for z < z,,
Zp
g(z) = Iz
=_2 forzzz
z, = location of hinge.

The rigid body deflection constants, B, and B,, were

determined to produce calculated displacements with a
least-square error to the measured displacements. This
was done by computing an error term for the calculated
displacements, setting the derivatives of the error term

with respect to B, and B, to zero, and solving the

resulting equations.

Taking z; to be the location of a measured

displacement, then:

g5 = 9(z,) .

If the measured displacements at z, are denoted by Ax;



and Ay;, the error term for the displacement in the x

direction, EDISP, becomes:
EDISP = rf; + B,g; - Ax;. (C-20)

The total error for the x-displacements, {, was
calculated as the sum of the squares of the individual
EDISP errors, so that:

=) (rf;+B,g;-Ax)? (c-21)

J=1,m

where: m = number of locations where x-displacement was
neasured
= 3,
Taking the partial derivative of Eq. C-21 with respect
to B,:

a%c =22 (rf; + B,gy - Axy) g5 (c-22)

To minimize the x-displacement error, set Eq. C-22 equal
to zero and solve for B, so that:

(C-23
P )

Bx=

Similarly, the error was minimized for the y-
displacements by taking the partial derivative of { with
respect to B, and setting it equal to zero, where:

(= E (fj + ﬁygj - ij)z- (C"24)
J=1,m
The resulting equation is:
By= X (A.Vj - fj) gj'

C-25
> o7 (C-25)

A FORTRAN computer code, CURVE, was written to
perform the analysis described in this appendix and is
listed on the following pages. 1In addition to
determining the effective length of the specimen, the x-



and y-eccentricity of the applied load was also computed.
This was accomplished by computing the x and y-
displacements at the two inflection locations. Since the
moment must be zero at an inflection location, the line

of action of the load must pass through the centroid of  : .

the cross-section at that location. Therefore, the x-
and y- displacements at the inflection locations must be
equal to the x- and y- eccentricity of the applied load.
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PROGRAM CURVE

PURPOSE: THIS PROGRAM ATTEMPTS TO FIND THE EFFECTIVE LENGTH OF THE PIPE.

IN ORDER TO DO THIS, IT FITS A COSINE WAVE, A SINE WAVE, AND A
LINEAR TERM TO THE CURVATURE OF THE SPECIMEN BY USING THE STRAIN
GAUGE DATA AND A LEAST SQUARES METHOD.

VARIABLE LIBRARY’

A = THE COEFFICIENT OF THE COSINE WAVE TERM
Aij = THE Aij COEFFICIENT OF THE CURVE FITTING MATRIX
= THE Aji COEFFICIENT OF THE CURVE FITTING MATRIX

AMIN = THE A ASSOCIATED WITH ERRMIN

B = THE COEFFICIENT OF THE SINE WAVE TERM

BETAX = THE COEFFICIENT FOR THE LINEAR TERM OF THE X DISPLACEMENTS

BETAY = THE COEFFICIENT FOR THE LINEAR TERM OF THE Y DISPLACEMENTS

BMIN = THE B ASSOCIATED WITH ERRMIN

BUKLPT = THE POINT OF THE HINGE IN THE PIPE WHEN IT BUCKLES

C = THE COEFFICIENT OF THE AXIAL STRAIN TERM

CMIN = THE C ASSOCIATED WITH ERRMIN

COORD(I,1) = THE X COORDINATE OF STRAIN GAUGE I

COORD(I,2) = THE Y COORDINATE OF STRAIN GAUGE I

COORD(I,3) = THE 2 COORDINATE OF STRAIN GAUGE I

DEN = THE DENOMINATOR OF THE EXPRESSION USED TO CALCULATE BETAX AND BETAY

DET = THE DETERMINANT OF THE CURVE FITTING MATRIX

DOAGIN = LOGICAL VARIABLE USED TO DETERMINE IF A, B, AND C SHOULD BE RE-

COMPUTED WITH OUTLYING STRAIN GAUGE READINGS ELIMINATED FROM A
TIME STEP

DUM1 = A DUMMY VARIABLE THAT TAKES ON DIFFERENT VALUES IN DIFFERENT PARTS
OF THE PROGRAM

DUM2 = A DUMMY VARIABLE THAT TAKES ON DIFFERENT VALUES IN DIFFERENT PARTS
OF THE PROGRAM *

DX(NN,I) = THE MEASURED X DISPLACEMENT AT ILOCATION I AND LOAD STEP NN

DY(NN,I) = THE MEASURED Y DISPLACEMENT AT LOCATION I AND LOAD STEP NN

ERRMIN = THE MINIMUM ERROR OF FIT FOUND FOR THE CURVATURE -

ERRX = THE SQUARED ERROR OF THE COMPUTED X DISPLACEMENTS

ERRY = THE SQUARED ERROR OF THE COMPUTED Y DISPLACEMENTS

EX = THE ROOT MEAN SQUARED ERROR OF THE COMPUTED X DISPLACEMENTS

EY = THE ROOT MEAN SQUARED ERROR OF THE COMPUTED Y DISPLACEMENTS

F(I) = THE TRANSCENDENTAL FUNCTION USED IN COMPUTING DISPLACEMENTS

FIRST = LOGICAL VARIABLE USED TO PREVENT MCRE THAN ONE SET OF OUTLYING

STRAIN GAUGE READINGS FROM BEING ELIMINATED IN A LOAD STEP

GEC = THE LINEAR FUNCTION USED IN COMPUTING DISPLACEMENTS AT INFLECTION
POINTS

G(I) = THE LINEAR FUNCTION USED IN COMPUTING DISPLACEMENTS

H(I) = THE COMPUTED HORIZONTAL DISPLACEMENT AT LOCATION I

I = A LOOP COUNTER

J = A LOOP COUNTER

JJ = A LOOP COQUNTER

K = A LOOP COUNTER

KK = A LOOP COUNTER

L = THE LENGTH OF THE PIPE

LEFF = THE EFFECTIVE LENGTH OF THE PIPE

IMIN = THE L ASSOCIATED WITH ERRMIN

MSR = THE SUM OF THE SQUARED X AND Y DISPLACEMENTS
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MSS = MEAN SQUARED STRAIN

NDS = THE NUMBER OF DATA STEPS

NN = A LOOP COUNTER

NUMX = THE NUMERATOR OF THE EXPRESSION USED TO CALCULATE BETAX

NUMY = THE NUMERATOR OF THE EXPRESSION USED TO CALCULATE BETAY

PI = 3.141592654

PSI = THE ARGUMENT OF THE SINE AND COSINE TERMS

= THE RATIO BETWEEN THE Y CURVATURES AND THE X CURVATURES

RHSi = THE RIGHT HAND SIDE OF EQUATION i

RMIN = THE R ASSOCIATED WITH ERRMIN

RMS = ROOT MEAN SQUARED ERROR

SDEV = STANDARD DEVIATION OF THE NORMALIZED STRAIN GAUGE READING ERRORS
FOR A LOAD STEP

STRAIN(I) = THE MEASURED STRAIN OF GAUGE )

STRER = AVERAGE NORMALIZED STRAIN GAUGE READING ERROR FOR A LOAD STEP

STRER(I) = NORMALIZED STRAIN GAUGE READING ERROR FOR GAUGE I

V(I) = THE COMPUTED VERTICAL DISPLACEMENT AT LOCATION I

XECi = THE COMPUTED X ECCENTRICITY OF THE LOAD AT LOCATION {

XEFF = THE LOCATION OF THE INFLECTION POINT RELATIVE TO THE ORIGIN
OF THE COORDINATE SYSTEM

XEFFl = THE LOCATION OF THE INFLECTION POINT CLOSEST TO THE ORIGIN OF THE

COORDINATE SYSTEM

XEFF2 = THE LOCATION OF THE INFLECTION POINT FURTHEST FROM THE ORIGIN OF
THE COORDINATE SYSTEM

YECi = THE COMPUTED Y ECCENTRICITY OF THE LOAD AT LOCATION i

Z(I) = THE Z COORDINATE OF THE VERTICAL AND HORIZONTAL DISPLACEMENT
MEASUREMENTS AT LOCATION I .

IMPLICIT NONE

INTEGER I, J, K, NDS, NN, JJ, KK

REAL COORD(0:29,3), All, Al2, A22, RHS1, RHS2, STRAIN(0:29), LEFF,
L, PI, DUM1, A, B, R, PSI, ERRMIN, RMS, AMIN, BMIN, STRER,
RMIN, MSS, IMIN, C, CMIN, RHS3, Al3, A23, A33, DET, G(3),
BUKLPT, Z(3), DX(150,3), D¥(150,3), F(3), BETAX, BETAY, NUMX,
NUMY, DEN, DUM2, MSR, ERRX, ERRY, EX, EY, V(3), H(3), SDEV,
GEC, XEFFl, XEFF2, XECl, XEC2, YEC1, YEC2, XEFF, STRERR(0:29)

LOGICAL DOAGIN, FIRST

+++ 4+

OPEN(UNIT=10,FILE='RING1.STR',STATUS='0OLD')

OPEN (UNIT=20,FILE=*RING2.STR',STATUS='OLD"')
OPEN(UNIT=30,FILE='RING3.STR',STATUS='0OLD"')
OPEN(UNIT=40,FILE='RING4.STR',STATUS='OLD') ..
OPEN(UNIT=50,FILE='RING5.STR',STATUS='0OLD"') -
OPEN(UNIT=60,FILE='SGLOC.OUT',STATUS="'0OLD")

OPEN (UNIT=70, FILE='CURVE.QUT"',STATUS='NEW"')

PI = 3.141592654 _
READ IN GAUGE LOCATIONS, L, AND NUMBER OF DATA STEPS
READ(60,*) ((COORD(I,J),J=1,3),I=0,29), L ,NDS

CLOSE (UNIT=60)
OPEN (UNIT=80, FILE=*HVDISP.INP',STATUS='0LD")
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READ IN THE Z DISTANCES TO THE STRINGPOTS AND THE BUCKLED POINT
READ ALL THE HORIZONTAL AND VERTICAL DISPLACEMENTS

READ(80, %) BUKLPT

READ{80,*) (2(I),I=1,3)

DO 125 I = 1,NDS

READ(80,*) DX(I,1),DY¥(I,1),DX(I,2),DY(T,2),DX(I,3),D¥(I,3)
125 CONTINUE

CLOSE (UNIT=80)
COMPUTE THE FUNCTION G(I) FOR USE IN COMPUTING DISPLACEMENTS

Do 120 I =1,3
IF (Z(I).LT.BUKLPT)THEN
G(I) = Z(I)/BUKLPT
ELSE
G(I) = (L-Z(I))/(L-BUKLPT)
ENDIF
120 CONTINUE

READ IN THE STRAINS AND HORIZONTAL AND VERTICAL DISPLACEMENTS

DO 1000 NN = 1, NDS
JT=NN-1
PRINT 110, JJ, NDS-1

110 FORMAT(' *,'TIMESTEP',I3,' OF ',I3)
READ(10,*) (STRAIN(I),I=0,5)
READ(20,*) (STRAIN(I),I=6,11)
READ(30,%) (STRAIN(I),I=12,17)
READ(40,#%). (STRAIN(I),I=18,23)
READ(50,*) (STRAIN(I),I=24,29)

DIVIDE THE INPUTTED STRAINS BY 10*%#%6

DO 150 I = 0,29
STRAIN(I) = STRAIN(I)/10%%6
150 CONTINUE

ITERATE FROM LEFF = 0.5*L TO 2.0L

FIRST = .TRUE.
5 ERRMIN 100.0
IMIN =
AMIN =
BMIN =
CMIN =
RMIN =
KK=0

CALCULATE MSS

MSS = 0.0
DO 20 I=0,29
IF (ABS(STRAIN(I)}).GT.0.003) THEN
GO TO 20
ELSE



MSS = MSS+STRAIN(I)**2
END IF

20 CONTINUE

DO 35 J=0,84
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KK=KK+1
LEFF = (0.32+FLOAT(J)/50.0)*L

FIND BEST A, B, AND C

R=DX(NN,2) /DY (NN, 2)

THE FOLLOWING LOOP FINDS THE VALUES OF A, B, AND C

All
Al2
Al3
A22

o u

DO 10 I=0,29
IF (ABS(STRAIN(I)).GT.0.003) THEN
GO TO 10
ELSE ,
PSI = PI/LEFF*(COORD(I,3)-L/2.0)
DUM1 = COORD(I,2)+R*COORD(I,1)

A1l = A11+(COS(PSI)*DUML)*#2

Al12 = A12+SIN(PSI)*COS(PSI)*DUM1*+2
A13 = A13-DUM1#COS(PST)

A22 = A22+(SIN(PSI)+*DUM1)*42

A23 = A23~DUM1*SIN(PSI).

A33 = A33+41

RHS1 = RHS1=-STRAIN(I)*COS(PSI)*DUM1
RHS2 = RHS2-STRAIN(I)*SIN(PSI)*DUM1
RHS3 = RHS3+STRAIN(I)
END IF
CONTINUE

CRAMER'S RULE TO FIND A, B AND C (NOTE: Al2 = A21, A23=A32, Al3=A3ll)

DET = All1#A22%A334+2%A12*A13*A23~A22%A13%**2
=A33*AL2**2=A11*A23#*2

A = (RHS1#A22+%A33+4RHS2*A13*A23+RHS3I*A12*A23
~RHS1*A23*%2~-RHS2*A12*A33~RHS3*A22+*A13) /DET

B = (RHS1#A13*A23+RHS2+*A11*A33+RHS3*A12#A13
-RHS1*A12#A33~RHS2*A13#*2=-RHS3*A23*A1l) /DET

C = (RHS1*A12+*A23+RHS2+*A12#A13+RHS3I*A11*A22 .
-RHS1#*A13*A22~RHS2*A23#*A11-RHS3*A1l2+%#2) /DET

FIND ERROR OF FIT FOR A, B, AND R

RMS = 0.0



po 30 I=0,29 _
IF (ABS(STRAIN(I)).GT.0.003) THEN
GO TO 30
ELSE
PSI = PI/LEFF#(COORD(I,3)-L/2.0)
RMS = RMS+(STRAIN(I)-C+(A*COS(PSI)+B*SIN(PSI))
+ * (COORD(I,2) +R*COORD(I,1))) **2
END IF
30 CONTINUE
RMS = SQRT(RMS/MSS)*100.0
IF (RMS.LT.ERRMIN) THEN
ERRMIN = RMS
IMIN = LEFF
AMIN = A
BMIN = B
CMIN = C
END IF
35 CONTINUE
LEFF = IMIN
A = AMIN
B = BMIN
C = CMIN -
c
C DETERMINE IF ANY OF THE GAUGES SHOULD BE THROWN OUT
c
IF (FIRST) THEN
FIRST = .FALSE.
STRER = 0.0
RMS = 0.0
KK = 30
DO 50 I=0,29 .
IF (ABS({STRAIN(I)).GT.0.003) THEN
KX = KK-1
GO TO 50
ELSE
PSI = PI/LEFF*(COORD(I,3)-L/2.0)
STRERR(I) = STRAIN(I)-C+(A*COS(PSI)+B*SIN(PSI))
+ * (COORD (X, 2) +R*COORD(T, 1))
STRER = STRER+STRERR(I)
END IF
50 CONTINUE
RMS = SQRT(MSS/KK)
STRER = STRER/KK/RMS
¢
¢ CALCULATE THE STANDARD DEVIATION OF THE ERRORS
c

SDEV = 0.0
po 60 I=0,29
IF (ABS(STRAIN(I)).GT.0.003) THEN

GO TO 60
ELSE

SDEV = SDEV+(STRERR(I)/RMS~STRER) *#*2
END IF

60 CONTINUE
SDEV = SQRT(SDEV/(KK-1))
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THROW OUT POINTS OVER TWO STANDARD DEVIATIONS OF ERROR FROM THE AVERAGE

ERROR -

DOAGIN = .FALSE.
DO 70 I=0,29 :
IF (ABS(STRAIN(I)).GT.0.003) THEN
GO TO 70
ELSE IF (ABS(STRERR(I)/RMS-STRER).GT.2.0%SDEV) THEN
STRAIN(I) = 0.0031
DOAGIN = .TRUE.
END IF
70 CONTINUE

RECALCULATE A, B, AND C IF ONE OF THE GAUGES WAS THROWN OUT

IF (DOAGIN) THEN
GO TO 5

END IF

END IF

COMPUTE THE COEFFICIENTS OF THE LINEAR PORTION OF THE DISPLACED SHAPE

NUMX = 0.0
NUMY = 0.0
DEN = 0.0
DUM1 = PI/2.0%L/LEFF
DO 130 I = 1,3
PSI = PI/LEFF*(Z(I)~L/2.0)
DUM2 = (L/2.0-Z(I)}/(L/2.0)
F(I) = =(A*(COS(PSI)~COS(DUM1))+B# (SIN(PSI)+DUM2
+ *STIN(DUM1))) * (LEFF/DPI) *#2
NUMX = NUMX+(DX(NN,I)=R*F(I))*G(I)
NUMY = NUMY+ (DY (NN, T)=F(I))*G(I)
DEN = DEN+(G(I)**2)
130 CONTINUE
BETAX = NUMX/DEN
BETAY = NUMY/DEN

COMPUTE X AND Y DISPLACEMENT ERRORS

MSR = 0O
ERRX = 0
ERRY = 0
DO 170 I = 1,3

H(I) = R*F(I) + BETAX*G(I)

V(I) = F(I) + BETAY*G(I)

MSR = MSR+DX(NN,I)*#+2+DY (NN,I)#*2
ERRX = ERRX+(H(I)-DX(NN,I))**2
ERRY = ERRY+(V(I)-DY(NN,I})*#*2

170 CONTINUE
EX = 100.0%*SQRT (ERRX/MSR)

EY = 100.0*SQRT(ERRY/MSR)

c
C COMPUTE THE POINTS OF INFLECTION AND ECCENTRICITIES BASED ON CURVATURE
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XEFF = L/2.0-LEFF/PI+*ATAN(A/B)
IF(XEFF.GT.L/2.0) THEN
XEFF2 = XEFF
XEFF1 = XEFF2-LEFF
ELSE
XEFF1 = XEFF
XEFF2 = XEFF1+LEFF
END IF
IF({XEFF1.LT.BUKLPT) THEN
GEC = XEFF1/BUKLPT
ELSE
GEC = (L~XEFF1)/(L-BUKLPT)
END IF
DUM1 = PI/LEFF+*(XEFF1-L/2.0)
pDUM2 = PI/2.0%L/LEFF
XEC1 = BETAX*GEC~ (A% (COS (DUM1)=COS (DUM2) )} +B#* (SIN(DUM1) -2.0/L*
(XEFF1-L/2.0) *SIN(DUM2))) *R* ( (LEFF/PI) **2)
YEC1 = BETAY*GEC- (A#(COS (DUM1)-COS (DUM2) ) +B* (SIN(DUM1)~2.0/L*
(XEFF1~L/2.0) *SIN(DUM2) ) ) * ( (LEFF/PI) *#*2)
IF(XEFF2.LT.BUKLPT) THEN
GEC = XEFF2/BUKLPT
ELSE
GEC = (L-XEFF2)/(L-BUKLPT)
END IF
DUM1 = PI/LEFF*(XEFF2-L/2.0)
XEC2 = BETAX*GEC-(A* (COS (DUM1)~COS (DUM2) ) +B#* (SIN(DUM1)~2.0/L*
(XEFF2-L/2.0) *SIN(DUM2) ) ) *R* ( (LEFF/PI) #*2)
YEC2 = BETAY+GEC- (A* (COS (DUM1) ~COS (DUM2) ) +B* (SIN(DUM1)-2.0/L*
(XEFF2-~L/2.0) *SIN(DUM2)) ) * ( (LEFF/PI) *#2)

WRITE{70,100) JJ

100

FORMAT(! '//'STEP NO. = ',I3)

Cc
C PRINT OUT THE GAUGES THROWN OUT

C

230
+

240

DO 250 I=0,29
IF (STRAIN(I).EQ.0.0031) THEN
WRITE(70,230) I
FORMAT(' ', *GAUGE NO. *,I2,' ELIMINATED DUE TO DEVIATION',
! ERROR')
ELSE IF (ABS(STRAIN(I)).GT.0.003) THEN T
WRITE(70,240) I
FORMAT(* !, 'GAUGE NO. ',I2,' ELIMINATED DUE TO MAX READING')
END IF

250 CONTINUE

PRINT 36, LEFF/L, A, B, C, R, ERRMIN
PRINT 300

300 FORMAT(/)
WRITE(70,36) LEFF/L, A, B, C, R, ERRMIN
36 FORMAT('LEFF/L = ', F4.2,3X,'A = *,G12.5,3X,'B = ',G12.5,3X,

+

‘c = ',G12.5,/'R = !,G12.5,3X, 'STRAIN ERROR = !',F6.2,'%')

WRITE(70,160) BETAX, BETAY



160 FORMAT(' ', *BETAX = ',G12.5,3X, 'BETAY = ',Gl2.5)
DO 200 I = 1,3
WRITE(70,190) I, H(I), I, V(I)
190 FORMAT(' ¢,fX*,I1,' = ',G12.5,3X,'¥',I1,' = *,G12.5)
200 CONTINUE
WRITE(70,180) EX, EY
180 FORMAT(' *,*X DISP ERROR = '/F6.2,'%',3X, 'Y DISP ERROR = ¢
+ F6.2,'%")
WRITE(70,210) XEFF1l/L, XEC1, YEC1l, XEFF2/L, XEC2, YEC2
210 FORMAT(' *,*ZEFFl/L = ', F9.4,3X,'XEC1 = ',F9.4,3X,'YEC1 = ',F9.4,
+/* ZEFF2/L = ! ,F9.4,3X,'XEC2 = ', F9.4,3%, '"YEC2 = t,F9.4)
1000 CONTINUE
C
C CLOSE FILES AND LEAVE
c

,

DO 40 I=10,50,10
CLOSE (UNIT=T)
40 CONTINUE
CLOSE (UNIT=70)
END



APPENDIX D

APPLIED LOAD ECCENTRICITY AS COMPUTED FROM
END MOMENTS



In the experimental program, the line of action of
the applied compressive load was located as near to the
centroid of the cross-section as possible. Since the
ends of the specimens were not attached to the load
frame, it was possible for the ends to rotate if the
specimen failed in an overall buckling mode. If the ends
rotated, the compressive load was no longer applied
through the centroid of the cross-section, but rather,
was applied eccentrically. The eccentricity of loading
was determined by computing the displacements at the
inflection points of the buckled specimen as described in
Appendix C. In addition, the load eccentricity may also
be calculated using the end moments as computed from the
curvature of the buckled specimen. This appendix
contains a detailed description of this method for
computing the load eccentricity.

An eccentric compressive load induces an applied
bending moment at the ends of the specimen. This applied
bending moment is:

M = Pe (D-1)

where: P = applied compressive load
e = eccentricity of applied load.

From fundamental mechanics, the bending moment can
be expressed in terms of the curvature at any location
along a member by:

M; = k;EI; (D-2)

where: M; bending moment with respect to the i-axis
k;, = specimen curvature with respect to the i-axis

E = modulus of elasticity (29,500 ksi)

I, = moment of inertia with respect to the i-axis.



Substituting Eg. D-2 into Eq. D-1 results in: ‘

Solving Eq. D-3 for eccentricity results in:
k; '
e; = EI; — (D-4)

where: j axis is perpendicular to the i axis.

The modulus of elasticity and moment of inertia were
assumed constant along the length of each specimen for
all load steps. The moment of inertia was computed based
on nominal section properties while the applied
compressive load was computed from the measured data at
each load step. The curvature at each end of the
specimen was determined by substituting z = 0 and 2 = L
into Eq. C-3 and C-5 of Appendix C. Using Eg. D-4, the
eccentricity in the x and y directions at each end of the
specimen was then computéd for each load step.

The computer program ECC was written and utilized to
perform these calculations. A listing of this program
can be found on the following pages.
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PROGRAM ECC

PURPOSE: THIS PROGRAM CALCULATES THE END ECCENTRICITES OF THE PIPE AND
AVERAGES THEM.

VARIABLE LIBRARY

A = THE COEFFICIENT OF THE COSINE TERM USED TO FIT THE DISPLACED
SHAPE IN CURVE.FOR
B = THE COEFFICIENT OF THE SINE TERM USED TO FIT THE DISPLACED

SHAPE IN CURVE.FOR
EI = YOUNG'S MODULUS TIMES THE MOMENT OF INERTIA

EX1 = THE X-ECCENTRICITY AT 2 =0

EX2 = THE X-ECCENTRICITY AT Z = L

EYl = THE Y-ECCENTRICITY AT Z = 0

EY2 = THE Y-ECCENTRICITY AT Z = L

I = A LOOP COUNTER

KE = THE LENGTH OF THE PIPE DIVIDED BY THE EFFECTIVE LENGTH OF THE
PIPE :

NOSTEP = THE NUMBER OF TIME STEPS

P = LOAD

PI = 3.141592654
R = Y~CURVATURE/X~CURVATURE

TYPE DECLARATIONS
IMPLICIT NONE

INTEGER I, NOSTEP
REAL A, B, EI, EX1, EX2, EY1, EY2, KE, P, PI, R

c
C OPEN INPUT AND OUTPUT FILES
c
OPEN (UNIT=10, FILE=*ECC.INP',STATUS='OLD")
OPEN (UNIT=20,FILE='ECC.OUT"', STATUS=*NEW")
OPEN (UNIT=30,FILE="'ECC.PLT',STATUS='NEW')
c
C READ IN THE NUMBER OF TIME STEPS AND EI
c
READ(10,*) NOSTEP, EI
c
C CALCULATE THE ECCENTRICITIES AND WRITE THEM TO THE OUTPUT FILE
c
PI = 3.141592654
DO 30 I=0,NOSTEP
READ(10,*) KE, A, B, R, P
EY1l = EI/P*(A*COS(PI/(2.0*KE))-B*SIN(PI/(2.0%KE)))
EY2 = EI/P*(A*COS(PI/(2.0+*KE))+B*SIN(PI/(2.0*KE)))
EX1 = EY1*R
EX2 = EY2#*R
WRITE(20,25) I,EX1,EY1,EX2,EY2, (EX1+EX2)/2.0,(EY1+EY2)/2.0
WRITE(30,20) EX1, EX2, (EX1+EX2)/2.0, EYl, EY2, (EY1+EY2)/2.0
30 CONTINUE
c
C FORMAT STATEMENTS
c



20 FORMAT(' *',6(G12.5,1X))

25 FORMAT(' *',‘'STEP NO.',I3/'EXl = ',G1l2.5,3X,'EYl =

',G12.5/'EX2 = !
+,G12.5,3X,'EY2 =

*,G12.5/*AVERAGE EX = *',G12.5,3X, 'AVERAGE EY = !

+G12.5/) !
C

C CLOSE FILES AND LEAVE

c

CLOSE(UNIT=10)
CLOSE(UNIT=20)
CLOSE (UNIT=30)
END



APPENDIX E

FORMULATION FOR COMPUTING FULL SCALE

EFFECTIVE WALL THICKNESS



The average axial strain in a linearly, elastic
member subjected to a compressive axial load can be

written as:
P -
¢ s = (55 (E-1)
where:

= axial load,

b
i

cross—-sectional area,

E = modulus of elasticity (for steel, 29,500 ksi).

Equating this expression to the axial strain coefficient
from the CURVE algorithm:

a C = ey = (.A_P__) (E-2)

efrf E
where:
C = axial strain coefficient from CURVE algorithm
(see Appendix C) at a given load step,
p = measured load at a given load step,
A, = effective cross-sectional area of the member

at a given load step.

Solving Eq. E-2, for the effective area at a given load
step:

Aeff~(P)=—Z-(d§-d§) (E-3)



where:
d, = measured nominal outside diameter,
d; = computed inside diameter at a given load
step.

Solving for the computed inside diameter at a given load
step:

d=(dd-2an)=[a-2(H]" @

Substituting the effective wall thickness:

teff = ___0_2___.

into Eg. E-4, results in an expression for the effective
wall thickness for a given load step:

wofa-gFt] e

Corr = 5



DOCUMENTATION OF INFORMATION PRESENTED
ON COMPUTER DISKS

Computer Code, Input Files, and output Files

Computer Code

The measured data was reduced using 5 computer codes written
specifically for this study. The fortran code (uncompiled) is on
this disk for each program with the file extension (.FOR). In
order to run the programs, the code must be compiled to create an
executable (.EXE) file. It should be noted that these progranms
have been upgraded to facilitate data input since they were first
written. As a result, some of the input files may have to be
slightly modified before they will run in the current format. For
instance, all input to the DISPLAC program first had the specimen
number in the filename, i.e. LSPO1.DAT. Using this method, the
computer code must be changed to read filenames with the correct
specimen number and recompiled for every specimen. Therefore, the
code was changed to input data from filenames without the specimen
number identification, i.e. LSP.DAT.

The possible adjustments which may be needed to run each
program are presented in this section. Changes to filenames or
computer codes should be made using a non-document type of word
processing editor.

PROGRAM SGL.FOR

This program converts the longitudinal and circumferential
strain gage location measurements to X,y, and 2z coordinates
corresponding to the full scale test sign convention. Input is
from the file SGLOC.INP and output is to the file SGLOC.OUT.
Example input and output files are shown on the following pages.

Input necessary for this program includes specimen number,
diameter, length, and strain gage locations as measured prior to
full scale testing. The SGLOC.INP files listed on the accompanying
specimen disks should be ready to input into SGL.FOR. The output
file is to be used in the program CURVE.FOR. Please note that the
number of data steps must be added to this file prior to running

the CURVE program.



fr*\ Please note: Information typed in boldface is for explanation only
S and not included 'in files.

Example SGLOC.INP file:
01, 9.0, 235.25 Specimen No., diameter, length

5.25 - Gage O
12.5 - Gage 1
24.5

-22.75

-13.375

-3.5 - Etc. -
13.625
24.375
-22.5
-13.25
-2.375
5.5
15.0
24.375
-22.75
-14.625
-5.25
5.5
me 12.75

' 26.75
-22.875
-13.75
-3.75
5.625
14.875
24.125
-23.375
-13.875
-4.625

Gage 29

195.875
156.75
117.625 - Etc.
82.75

44.8758

Distance to gages 0,1,2,3,4 and 5 from end B

Distance to gages 24,25,26,27,28 and 29 from
end B

Note: All measurements in inches.



Example SGLOC.OUT file:

X Y Z coordinates
4.9573 7.5117 195.8750
8.8515 1.6282 195.8750
3.6647 -8.2201 195.8750

-5.1839 -7.3571 195.8750
-8.9677 .7613 195.8750
-3.4124 8.3280 195.8750
5.1640 7.3711 156.7500
8.9854 .5119 156.7500
3.7785 -8.1684 156.7500
-5.3862 -7.2103 156.7500
~-8.9563 .8857 156.7500
-2.3475 8.6884 156.7500
5.1640 7.3711 117.6250
8.9587 -.8615 117.6250
3.7785 -8.1684 117.6250
-5.1839 -7.3571 117.6250
-8.9868 -.4876 117.6250
-4,9573 7.5117 117.6250
5.1640 7.3711 82.7500
8.8933 1.3817 82.7500
1.5171 -8.8712 - 82,7500
ﬁm%\ -5.0812 -7.4284 82.7500
b -8.9917 .3870 82.7500
‘ -3.6424 8.2300 82.7500
5.2659 7.2987 44.8758
8.9698 -.7370 44.8758
4.0039 -8.0603 44.8758
-4.6609 -7.6991 44.8758
-8.9962 .2621 44,8758
-4.4241 7.8376 44.8758
235.2500 Length, inches.
75 Number of data steps, not include in SGL output.

Must be added before input to CURVE



PROGRAM DISPLAC.FOR

This program computes the resultant 1load, the chord

shortening, the horizontal displacements, and the vertical
displacemnts at each data step. The measured data is read from 4
files. These are LSP##.DAT, HVP##.DAT, LOAD##1.DAT, AND

LOAD##2.DAT. For each specimen, the corresponding specimen number
replaces ##, i.e. LSPO1.DAT. The output is broken into two files.
The first file, SPEC##1.0UT, contains the load and chord shortening
information. In addition, the time and resultant load location is
given. The second file, SPEC##2.0UT, contains the horizontal and
vertical displacements measured at six locations.

Sample input and output files are given on the following
pages. For some of the specimens, it may be necessary to add the
number of load steps to the LSP##.DAT file. In addition, the
specimen numbers must be removed from all the input filenames. For
example, LSP01.DAT must be changed to LSP.DAT. The output
filenames will not have specimen numbers included either, 1i.e
SPEC1.0UT. If the specimen numbers are desired for inventory
purposes, the filename can be changed. See note below.

Some of the output files on the disks may or may not have the
headers shown in the example files. This is because the headers

are removed when the files are input into other programs to create
plot files. However, none of the information is missing.

Note: To change a filename:
1) At DOS prompt, type rename filename.ext filename.ext
Example:

C:\> rename LSP01.DAT LSP.DAT



Please note: Information typed in boldface is for explanation only
and not included in files.

Input Files

Example LSP.DAT file:

tngPECIMEN 02 - 2/2/90"! Title
81 Number of data steps - may need to be added
22.125 3.958 10.8125 18.167 Specimen length,

distance to Loc 1, 2, and 3 of horizontal and vertical displacement
measurements from end A in ft., respectively.

22.5 19.25 23 19.5 12.5 9.25 1Imnitial
pivot distances for pots 33, 34, 35, 36, 37, and 38 respectively in
inches.

30770 3100 259 4.38 11.28
E, Ix, and Iy of load frame and X and y coordinates of gages on
load frame

36 36 36

Distance from centroid of headstock/tailstock to load frame legs in
inches.

1.330093 calibration factor for data channel 40.
1.325489 calibration factor for data channel 41.
1.325999
1.322437 - Btc.
1.327159
1.333791
1.324886
1.323037
1.328089 Calibration factor for data channel 48
Chord Shortening
Data channel No Correction
TIME 30 31 32 End A End B
124 0 -0.02359 -0.03524 0 (0]
142 -0.01181 -0.02359 -0.03524 0 0
160 —-0.01181 -0.02359 -0.03524 0 0
270 -0.09449 -0.09434 -0.10571 0.0155 0.0155
287 ~-0.08267 -0.09434 -0.10571 0.0155 0.0155



~

33

-0.02368

o
-0.02368
-0.01184
-0.01184

40

7.996836

6.66403
7.996836
35.98576
38.65138

45

6.66966
9.337524

6.66966

38.68403
38.68403

Example HVP.DAT file:

34

0.011815
0.011815
0.011815
0.035446
0.035446

pata Channel No.

35

-0.01179

0
-0.01179
-0.02358
-0.02358

Example LOAD1.DAT file:

36

0
0
0.011822
0.047287
0.047287

Data qhannel No.

41

5.323548

3.992661
3.992661

38.59572
37.26483

42

9.278746
7.95321
9.278746
53.0214
47.71926

Example LOAD2.DAT file:

Data Channel No.

46

5.302696

3.977022
3.977022
34.46753

35.7932

47

6.60757
3.964542
5.286056
39.64542
39.64542

43

6.61195
5.28956
5.28956
44.96126
44.96126

48

6.64324
6.64324
6.64324
38.53079
38.53079

37

-0.0059
-0.00295
-0.0059
-0.02654
-0.02359

44

9.310329
7.980282
7.980282
46.55165
46.55165

38

0.011843
0.014804
0.014804
0.041451
0.041451



ﬁ““§ output Files

Example SPEC1.0UT file:

WSPECIMEN 01 - 2/1i5/90"% Title
uWpIME"Y , WLOAD", "Xr","Yr", "CHORD SH"  Headers - may be removed
Resultant Chord
Load Location Shortening
Time (kips) x, (in)  y, (in) (in.)

374,00, 21.2516, =-3.11270, -1.35214, -.00393
394.00, 19.9323, -2.10154, 1.84687, .00000
415.00, 19.9275, -4.08448, -2.05613, -—.00394
508.00, 122.8254, -1.94773, .49377, .07070
530.00, 122.1700, -1.42502, .48950, .07070

Example SPEC2.0UT file:

"HORIZ 1","VERT 1","HORIZ 2","VERT 2","HORIZ 3%,"VERT 3"
Header - may be removed

£l
Deflections
Horiz. Vert. Horigz Vert. Horiz. Vert.
1 1 2 2 3 3
(in.) {in.) (in.) (in.) {in.) (in.)

1 - Deflections measured near End A
2 - Deflections measured near midspan
3 - Deflections measured near End B

.02368, -.01180, .01179, -.01182, .00591, -.01184

.00000, -.01182, .01179, -.01182, .00296, -.01480
.02368, -.01180, .01179, -.01182, .00591, -.01480
.01194, -.03536, .02365, -.04724, .02661, -.04141
.01194, -.03536, .02365, -.04724, .02366, -—-.04141



PROGRAM CURVE.FOR

This program is a least squares algorithm which obtains the
"pest fit" for the strain gage and displacement data.

Input needed for this program includes the measured strains,
the gage locations, and the measured displacements. The specimen
strain gage readings are input in the RING#.STR files. The gage:
locations are read from the SGLOC.OUT file, and the displacements
are input in the HVDISP.INP file.

. The SGLOC.OUT file was previously presented. Remember, the
number of data steps must be added to this file.

Example of the other input files are given on the following
pages along with an example output page. The output is in the file
CURVE.OUT and includes the effective length, information on deleted
gages, eccentricities, and the error of fit.

The HVDISP.INP file is made by deleting the header on the
SPEC2.0UT file and adding the information required for CURVE.



Please note: Information typed in boldface is for explanation only
and not included in files.

Input Files
. Example HVDISP.INP file:
36.0 Distance to buckling point from end B, inches.
191.75 121.0 41.0 Distance from end B to locations
1, 2, and 3 of horizontal and vertical measurements, respectively,
inches.

Remainder of file - same as SPEC2.0UT

.02368, -.01180, .01179, -.01182, .00591, -.01184
.00000, -.01182, .01179, -.01182, .00296, -.01480
.02368, -.01180, .01179, -.01182, .00591, -.01480
.01194, -.03536, .02365, -.04724, .02661, -.04141
.01194, -.03536, .02365, -.04724, .02366, -.04141
£ Example RING1.STR file:
Data Channel No.

o 1 2 3 4 5
-49.9495 -34.2368 —-27.9085 -37.5443 -56.2146 -62.6567
-49.9495 -29.5681--21.7066 —-37.5443 -49.9686 -59.5239
-48.3886 =-31.1244 -27.9085 -37.5443 -56.2146 -59.5239
-274.722 =230.32 -212.415 -212.751 -251.404 -303.885
-274.722 -231.876 -210.864 -214.315 -246.72 -300.752

Example RING2.STR file:
Data Channel No.

6 7 8 9 10 11
-62.3394 -46.8879 -27.9838 -52.0146 -68.7857 -70.2122
-60.7809 -45.325 -26.4292 -50.4384 -65.6591 -67.0917
~-59.2224 =-45.325 -26.4292 -50.4384 -67.2224 -68.6519
-349.101 -300.083 -234.753 =-296.326 -320.479 -344.82
-349.101 =-298.52 -234.753 -297.902 -318.915 -349.501



12

-72.1206
-68.9849
-70.5528
-370.01
-370.01

18

-113.846
-110.727
-112.287
-536.481
-538.041

24

-95.3012
-93.7389
-92.1766
-381.205

-378.08

13

-61.9974
-61.9974
-58.8976
-644.773
-644.773

19

-57.9497
-61.0821
-57.9497
-296.013
-296.013

25

-73.4097
-73.4097
-71.8478
-362.363
-363.925

Example RING3.STR file:

pata Channel No.

14

-23.3142
-20.2056
-23.3142
-191.176
-191.176

Example RING4.STR file:

15

-23.3311
-21.7757
-23.3311
-217.757
-217.757

Data Channel No.

20

-15.5706
-18.6847
-15.5706
-174.391
-175.948

Example RINGS.STR file:

21

-18.6875
-12.4583
-17.1302
-144.828
-144.828

Data Channel No.

26

-17.0815
-17.0815
-18.6344
-186.344
-186.344

27

-4.66893
-6.22524
-4.66893
-174.307
-174.307

16

~42.1872
-42.1872
-40.6247
-267.185
-262.498

22

-26.4798
-26.4798
-26.4798
-185.359
-183.801

28

-37.357
-37.357
—-35.8004
-287.96
-286.404

17

-76.4513
-76.4513
-73.3309
-357.293
-354.172

23

-76.0709
-74.5185

-72.966
-357.068
-353.963

29

-66.8473
-65.2927
-65.2927
-317.136
-318.691



output File

Example CURVEO1l.0UT file:

STEP NO. = 0

GAUGE NO. 18 ELIMINATED DUE TO DEVIATION ERROR .
LEFF/L = 2.00 A = .13598E-05 B = .56479E-06
-.47634E-04
R = =-.99746 STRAIN ERROR = 36.98%

BETAX = .51318E-02 BETAY = =-.75262E~-02

X1 =  .67513E-02 Yl = -.72883E-02

X2 = .11874E-01 Y2 = =-.13269E-01

X3 = .96517E-02 Y3 = -.11998E-01

X DISP ERROR = 51.04% Y DISP ERROR = 13.96%

ZEFF1/L = -.2494 XEC1 = -.0165 YEC1l = .0204
ZEFF2/L = 1.7506 XEC2 = -.0484 YEC2 = .0506
STEP NO. = 1

GAUGE NO. 18 ELIMINATED DUE TO DEVIATION ERROR
LEFF/L = 2.00 A = .13244E-05 B = .66165E-06
-.46125E-04
R = =-.99746 STRAIN ERROR = 38.13%

BETAX = -.67983E-03 BETAY = =-.99569E-02

X1l = .54093E~-02 Y1 = =-.77457E-02

X2 = .83146E-02 Y2 = =—-.14436E-01

X3 = .37927E-02 Y3 = =-.14174E-01

X DISP ERROR = 25.50% Y DISP ERROR = 19.21%

ZEFF1/L = -.2051 XEC1 = -.0053 YEC1 = .0196
ZEFF2/L = 1.7949 XEC2 = -.0474 YEC2 = .0575
STEP NO. = 2

GAUGE NO. 18 ELIMINATED DUE TO DEVIATION ERROR
LEFF/L = 2.00 A = .13020E-05 B = .64230E-06
-.46288E-04 ’
R = -.99746 STRAIN ERROR = 36.75%

BETAX = .55156E-02 BETAY = -.10086E-01

X1 = .66624E-02 Y1 = =.76741E-02

X2 = .11719E-01 Y2 = -.14362E-01

X3 = .97625E-02 Y3 = =-.14229E-01

X DISP ERROR = 49.70% Y DISP ERROR = 13.90%

ZEFF1/L = -.2082 XEC1 = -.0137 YEC1 = .0199
ZEFF2/L = 1.7918 XEC2 = -.0520 YEC2 = .0564

o

cC

C

1l



o Definintion of output variables for CURVE.OUT.

LEFF/L is the effective length for which the "hbest-fit" of
the data was determined.

A, B, C are constants of the function assumed to fit the
curvatures. See Appendix C.

R is the ratio of the measured horizontal to vertical
displacements at midspan.

STRAIN ERROR is the root mean square (RMS) error of the
strain fit.

BETAX, BETAY are constants of the rigid-body dispacement
function.

X1 is the computed horizontal displacement at location 1.
Y1 is the computed vertical displacement at location 1.
X2 is the computed horizontal displacement at location 2.
Y2 is the computed vertical displacement at location 2.

X3 is the computed horizontal displacement at location 3.

¥3 is the computed vertical displacement at location 3.

X DISP ERROR is the RMS error of the horizontal
dislacenents.

Y DISP ERROR is the RMS error of the vertical
displacements.

ZEFF1/L, ZEFF2/L are the location of the inflection points.

XEC1 is eccentricity from inflection points at end B in the
x-direction.

YEC1 is eccentricity from inflection points at end B in the
y-direction.

XEC2 is eccentricity from inflection points at end A in the
x—-direction.

YEC2 is eccentricity from inflection points at end B in the
y-direction.



PROGRAM CHANGE.FOR

This program arranges the output of CURVE into files for
plotting. Input is from the files SPEC1.0UT and CURVE.OUT. The
output is written to 5 files.

The applied load is read from the SPEC1.0UT file. Before
running CHANGE, the title and header lines must be removed from
this file.

The effective length, eccentricities from inflection points,
etc. are input from CURVE.OUT. The number of data steps, location
of buckling point from end B in inches, and length of the specimen
in inches must be added to the beginning of this file.

The input files for this program have been previously
presented. The output files are presented on the following pages.



Please note: Information typed in boldface is for explanation only
and not included in files.

output files

Example CHANGE.OUT file:

: Average
Load Effective XEC YEC
Length C
0 2.00 -.0324 .0355 -.47634E-04
1 2.00 -.0264 .0386 -.46125E-04
2 2.00 -.0329 .0382 -.46288E-04
3 1.18 -.0134 .0232 -.27068E-03
4 1.18 -.0123 .0233 -.27013E-03

Note: C is coefficient representing P/A term in curve fit.

Example ECC.INP file:

74, 17437034 Number of steps, EI

Leff A B R Load
(kips)
2.00 .13598E-05 .56479E-06 -.99746 21.2516
2.00 .13244E-05 .66165E-06 -.99746 19.9323
2.00 .13020E-05 .64230E-06 -.99746 19.9275
1.18 .79026E-05 -.15513E-05 -.50064 122.8254

Note: A and B coefficients of curve fit. R is ratio of midspan
displacenents.

Example LOAD.PLT file:

Load Load
Step (kips)
0 21.2516
1 19.9323
2 19.9275
3 122.8254
4 122.1700



ﬁ“\

Example BETA.PLT file:

Curvature Rigid body

Displacement = Displacement

(in.) (in.)

.54890E-07 .91093E-02
.64418E-07 .99801E-02
.62534E-07 .11496E-01
.17251E-05 .15841E-01
.17008E-05 .15316E-01

Example ECC

XECC
end B
(in.)

-.165E-01
-.530E-02
-.137E-01
-.254E-01
-.232E-01

IP.PLT file:

XECC XECC
end A Ave.
(in.) (in.)

-.484FE-01 ~-.3245E-01
-.474E-01 -.2635E-01
-.520E-01 +-.3285E-01
-.140E-02 -.1340E-01

-.140E-02 -.1230E-01

Total
Displacement
(in.)
«.91093E-02
«.99801E-02
«.11496E-01
.15843E-01
«.15318E-01
YECC YECC
end B end A
(in.) (in.)
.204E-01 .506E~-01
.196E-01 .575E-01
.196E-01 .564E-01
.436E-01 .270E-02
.438E~-01 .270E-02

YECC
Ave.
(in.)

«355E-01

.3855E-01
.3815E-01
.2315E-01
.2325E-01



PROGRAM ECC.FOR

This program computes the end eccentricities from the end
moments calculated by the CURVE algorithm. Input is from the file
ECC.INP generated by the CHANGE program. The number of data steps
and EI must be added to the ECC.INP file.

The input file has already been presented. Two output files

are created by this program. ECC.OUT gives the eccentricities in
a stepwise form while ECC.PLT lists the eccentricities in tabular
form for plotting purposes.

Example output files are given on the following page.



£ Please note: Information typed in boldface is for explanation only
and not included in files.

ECC.OUT
STEP NO. O
EX1 = -.46008 EYl =  .46125
EXz = =-1.1138 EY2 = 1.1166
AVERAGE EX = —-.78693 AVERAGE EY =  .78893
STEP NO. 1
EX1 = -.40893 EYl =  .40997
EX2 = =-1.2254 EY2 = 1.2285
AVERAGE EX = -.81717 AVERAGE EY = .81926
STEP NO. 2
EX1 = -.40714 EYl =  .40818
EX2 = =1.2000 EY2 = 1.2030
AVERAGE EX = -.80355 AVERAGE EY =  .80559
STEP NO. 3
EX1 = -.24041 EYl =  .48020
Ex2 = -.26192E-01 EY2 = .52317E-01
~ AVERAGE EX = =-.13330 AVERAGE EY =  .26626
- STEP NO. 4
EX1 = -.23811 EYl =  .47560
FX2 = -.26144E-01 EY2 = .52221E-01
AVERAGE EX = =-.13212 AVERAGE EY =  .26391

Note: EX1 is the eccentricity in the x-direction at end B in
inches.

EY1l is the eccentricity in the y-direction at end A in
inches.

Example ECC.PLT-file:

XECC XECC XECC ' YECC YECC YECC

end B end A Ave. end B end A Ave.

(in.) (in.) (in.) (in.) (in.) {(in.)
-.46008 -1.1138 ~-.78693 .4612% 1.1166 .78893
» -.40893 -1.2254 -.81717 .40997 1.2285 .81926
ﬁ”“} -.40714 -1.2000 -.80355 .40818 1.2030 .80559
- —.24041 -.26192E-01 ~-.13330 .48020 .52317E-01 .26626

-.23811 =-.26144E-01 -.13212 .47560 .52221E~-01 .26391



Input and Output Files

The input and output files for each specimen are saved on
computer disks. Data from two specimens is saved on each of ten
disks. Each specimen as a directory on the disk. All specimen

data is saved in this directory. The data may be accessed using a
word processing package or imported into a spreadsheet.

Note: To change directories, at the prompt type cd\dirname.
Example:

A:\> cd\specOl



